87

Contract NAS9-14126

APR 2 1978

DRL T-960
L.I. 5
DRD MA-129T
MNATL O
;\.‘»- - [‘p
HIGH PERFORMANCE N204/AMINE ELEMENTS _[jjﬁjl;i:gizii
. FINAL REPORT
March 1976
by
A. Y. Falk
(NASA-CF-147555) HIGE PERFCEFMANCE N76-22396
N2CU/AIXE FLEMENTIS Final Rerort (Fockwell
International Ccrp., Canoga Park) 98 p HC
$5.00 CsSCL 2112 Unclas
G3/28 18275
Prepared for
National Aeronautics and Space Administration
| Lyndon B. Johnson Space Center
ROCKWELL INTERNATIONAL/ROCKETDYNE DIVISION
6633 Canoga Avenue
Canoga Park, California
™
&>
‘9}&\‘
2N,
MAY 1976 ;3
RECEVED =
NASA STI FACILITY B
INPUT BRANCR <5,




Contract NAS9-14126

DRL T-960
L.I. 5
DRD MA-129T

Rocketdyne R-9847-1

HIGH PERFORMANCE N204/AMINE ELEMENTS
FINAL REPORT

March 1976

Prepared by

A. Y. Falk

Approved by
W. H. Nurick

Program Manager
Combustion Programs

Prepared for

National Aeronautics and Space Administration
Lyndon B. Johnson Space Center

ROCKWELL INTERNATIONAL/ROCKETDYNE DIVISION
6633 Canoga Avenue
Canoga Park, California




FOREWORD

This report was prepared for the NASA Lyndon B. Johnson Space Center,
Houston, Texas by the Advanced Programs Department of Rocketdyne
Division, Rockwell International. The study was conducted in accord-
ance with Contract NAS9-14126, Rocketdyne G.0. 09640. Mr. M. F,
Lausten of the Lyndon B. Johnson Space Center served as the NASA
Technical Manager. The Rocketdyne Program Manager was Mr. W. H.
Nurick.

The work conducted on this contract is summarized in Rocketdyne Re-
port R-9847-2.

ABSTRACT

An analytical and experimental investigation was conducted to develop
an understanding of the mechanisms that cause reactive stream separa-
tion, commonly called "blowapart," for hypergolic propellants. The
investigation was limited to the N204/MMH propellant combination and
to a range of engine-operating conditions applicable to the Space Tug
and Spéce Shuttle attitude control and orbital maneuvering engines.
Primary test variables were: chamber pressure (1 to 20 atm), fuel

_injection temperature (283 to 400°K)m and propellant injection :
velocity (9 to 50 m/s). The injector configuration studied was the
unlike doublet. The reactive stream separation experiments were con-
ducted using special combustors designed to permit photography of the
near-injector spray combustion flow field. Analysis of color motion
pictures provided the means of determining the occurrence of reactive
stream separation.

Through a basic understanding of the governing mechanisms, meaningful
design criteria were established which defined regions of operation
that are free from reactive stream separation for N204/MMH propellants.
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1.0 SUMMARY

The objective of this program was to develop an understanding of the
mechanisms that cause reactive stream separation, commonly called
"blowapart", for hypergolic propellants. Analytical and experimental
investigations were conducted to accomplish this objective. The
study was limited to the N204/MMH propellant combination and to a
range of engine operating conditions applicable to the Space Tug

and Space Shuttle attitude control and orbital maneuvering engines.

Primary test variables were: chamber pressure (1 to 20 atm; 13.7 to
300 psia), fuel injection temperature (283 to 400°K; 50 to 260°F),
and propellant injection velocity (9 to 50 m/s; 30 to 160 ft/sec).
Nominal mixture ratio for all tests was ~1.7, the equal volume value
for the N204/MMH propellant combination. The injector configuration
studied was the unlike doublet. The reactive stream separation
experiments were conducted using special combustors designed to
permit photography of the near-injector spray combustion flow field.
Analysis of the color motion pictures provided the means of deter-
mining the occurrence of reactive stream separation.

Two types of reactive stream separation, with different driving
mechanisms, were observed during the conduct of the program. One

of them, termed penetration, occurred at high injection velocities
and/or chamber pressures with ambient or moderately heated (fuel)
propellants. The other phenomena, termed separation, occurred at
elevated fuel temperatures. Through a basic understanding of the
governing mechanisms, design criteria were established which defined
regions of operation that are free from reactive stream separation
for N204/MMH propellants.
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To prevent penetration, the design criteria established was that the
fuel stream Weber number be less than 14. That is

2
p. Ve d
Weber Number = 9 f f <14

O¢ 9¢

To prevent separation, which can occur with heated propellants, the
injector design should be based on the following criteria

-3 2
x | BE/R Ty T e TR Oy Ry

aER ©
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l—‘l

1 gives separation

l—‘

< 1 gives mixing

a1

l"]

1 is the boundary between separation and mixing

The value of all quantities‘require to calculate xc/LC are known.
Evaluation of the constants C4, A, and AE were determined by cor-
relation of the experimental data. The design criteria were based
on the experimental data of this contract (NAS9-14126) and a related
effort conducted by Aerojet (NAS9-14186).
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2.0 INTRODUCTION
2.1 OBJECTIVE

The objective of this program was to develop an understanding of the
mechanisms that cause reactive stream separation (RSS), commonly called
"blowapart", for hypergolic propellants. Through a basic understanding
of the governing mechanisms, design criteria were to be established
which would allow the design of stable high performing injectors that
are free from RSS and "pops" (cyclic blowapart).

2.2 BACKGROUND

Hypergolic earth-storable propellants such as N204/amine-type fuels are
prime candidates for use on the Space Shuttle attitude control and orbital
maneuvering engines (OME) as well as for Space Tua applications. These
types of hypergolic propellants, being highly reactive, can experience
reactive stream separation and/or cyclic blowapart (popping) under some
conditions. The former is a quasi steady-state phenomenon that, for im-
pinging jet injector designs, turns the propellant streams away from
each other so that intra-element propellant mixing is impaired. This
causes poor overall propellant mixing uniformity and thereby, results in
lowered combustion efficiency. Cyclic blowapart (or popping) is caused
by small explosions that occur in the spray mixing region. These explo-
sions or "pops" can sustain and/or drive acoustic instabilities as well
as result in cyclic disruption of the mixing process which can lower the
overall time averaged combustion efficiency. Because of the extremely
high combustion efficiencies and reliability required for current appli-
cations, it is imperative that the cyclic blowapart and reactive stream
separation phenomenon be understood and their undesirable effects be
minimized.

Over the past 15 yvears, numerous studies have been conducted in efforts
to identify the reactive stream separation and/or popping operating limits
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as well as to develop injector design criteria for their avoidance.
Examples of some of these studies are those of Refs. 1 throuah 24,

Both RSS and popping have been experimentally observed and several
physical models postulated. Unfortunately, none of the existing models
can to date account for all of the experimentally determined RSS or
popping. Existing models give satisfactory correlation of only selected
sets of available experimental data. This defect is due to a lack of a
clear understanding of the physical/chemical processes controlling the
various phenomena as well as the interaction of competing mechanisms.
Meaningful rocket engine design criteria that will ensure blowapart-free
operation can result only from determination of: (1) the explosion and
separation mechanisms, and (2) their relationship to engine operating
conditions and injector desiagn specifications. A survey of existing
information provided the background for this study.

2.3 SCOPE

This investigation was limited to the N204/MMH propellant combination and

to a range of engine operating conditions applicable to the Space Tuo and
Space Shuttle attitude control and orbital maneuvering enaines as defined in
Table 2-1. The injector configurations studies were single-element unlike
doublets.

TABLE 2-1. RANGE OF COMBUSTOR OPERATING CONDITIONS FOR INVESTICATION

Chamber pressure 4 to 20 atm (60-300 psia)
Mixture ratio 1.6 to 2.2

Fuel temperature 277 to 394°%K (40 to 250°F) .
Oxidizer temperature 277 to 339%k (40 to 150°F)
Minimum orifice diameter 0.0508 cm (0.020-1nch)
Ma)'dmum orifice diameter 0.1016 cm (0.040-inch)
Injection AP 0.7 to 17 atm (10 to 250 psi)

Hot-fire testing and analyses were conducted to establish meaningful
design criteria for stable high performing injectors that are free
from pops and RSS.
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3.0 TECHNICAL APPROACH

To accomplish the objectives of this program, the overall program was
divided into four separate tasks.

Review of Existing Models and Experimental Data

Task I -

Task II - Program Plan Preparation

Task IIT - Definition of Governing Mechanisms

Task IV - Unlike-doublet Steady-state Reactive Stream Separation

The objective of the Task I effort was to provide an up-to-date knowledge
of pertinent theoretical models and experimental data for guidance in

subsequent tasks. Pertinent models and data were critically reviewed.
The results of this effort were summarized in a semi-formal data dump

report (Rocketdyne Report R-9594; Ref. 25).

The objective of the Task II effort was to formulize, in detail, the scope
of investigation, the experimental and analytical approaches to be
employed in achieving the program goals, and the hardware and the number
and type of experiments required. A program plan describing the above

was prepared, based on results of the Task I effort, and it was reviewed
with and approved by the NASA technical monitor.

The objective of Task III was to define the governing mechanisms and
parameters causing reactive stream separation for inclusion in appropri-
ate physical models of the experimental results. Experiments were con-
ducted (Section 5.0) and the results analyzed (Section 6.0) to accomplish
this objective.

The objective of the Task IV effort was to further establish the operating
Timits for reactive stream separation for the unlike-doublet element. As
is noted in Section 6.0 of this report, this objective was accomplished.

This report and a companion report (R-9847-2) present the results of the
program and, thereby, conclude the contractual data.
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4.0 EXPERIMENTAL SYSTEM

The test facility, experimental hardware, and photographic ‘technique
employed are described herein.

4.1 TEST FACILITY

The reactive stream separation experiments were performed on test stand
Victor in the Propulsion Research Area (PRA) of Rocketdyne's Santa Susana
Field Laboratory (SSFL) using special combustors designed to permit photo-
graphy of the near-injector spray combustion flow field.

4.1.1 Test Stand

Victor test stand, as used in the hot firing experiments, is shown
schematically in Fig.4-1. The oxidizer (N204) was fed from a high pres-
sure 750-1iter (200-gallon) supply tank to the Victor stand pre-valve,
through a 40-micron filter, a thermal-conditioning system (water bath)
for tests with other than ambient temperature oxidizer, a sharp-edge
orifice for flow measurement, the engine shutoff valve, and into the
injector. For ambient temperature tests, the thermal conditioning
system was by-passed. The fuel (MMH) was fed from a 190-liter (50-gallon)
run tank, through a filter, a water-jacketed 1ine, a sharp-edge orifice
or flowmeter, the engine shut-off valve, and into the injector. The
liquid propellants were forced from their respective tanks by regulated
GN2 pressure from a 194-atm (2850 psig) supply bottle.

Conditioning of the propellants to other than ambient temperature was ac-
complished by heat exchange with hot or cold water. For heating, hot water
(electrically heated) was used in preference to direct electrical heating
of the propellants because it insured that surfaces in direct contact with
the propellants could not exceed safe temperatures defined by thermal
stability or corrosive tendencies. For tests in which propellant injection
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temperatures below ambient temperature were required, conditioning

was accomplished using cold (ice) water. The N204 was conditioned
(277 to 339°K; 40 to 150°F) by passage through two 15.24-m (50 ft.)
coils of 1.27-cm (%-inch) diameter tubing immersed in a water bath.
The fuel was conditioned (277 to 394°%k; 40 to 250°F) by passing cold
or hot water through the jacket on the run line. Heating was accom-
plished with a closed-Toop circulating hot water system. Cooling was
accomplished by means of flushing cold water through the Tine jacket.

To permit variation of chamber pressure at fixed propellant injection
conditions (i.e., flowrate, injection velocity, etc.), a regulated
gaseous nitrogen (GNZ) combustion chamber bleed system was employed in
conjunction with a fixed combustor throat area. Reaulation of the GN2
flowrate in conjunction with the propellant flowrates made it possible
to vary chamber pressure at fixed injection conditions. The nitrogen
bleed was regulated from a 194-atm (2850 psig) supply bottle to ap-
proximately twice the planned operating chamber pressure and then passed
through sonic orifices in four 2.54 cm (1-inch) diameter lines to the
inlet GN2 manifold ports in the injector. This GN2 bleed provided most
of the desired combustion chamber pressure.

4,1,2 Instrumentation

Pressure and temperature measurements made to define and/or control pro-
pellant injection (flowrate and temperature) and combustor operating
conditions are presented in Table 4-1. Locations of the various measure-
ments are noted in Fig.4-11in which the measurement nomenclature corresponds
to that defined in Table 4-1.

Pressures and pressure differentials (AP) were measured with calibrated
Tabor strain gage transducers. Temperatures were measured with iron/
constantan thermocouple probes. Chamber pressure and fuel and oxidizer
manifold pressure oscillations were measured in some of the early testing
using Kistler transducers. However, meaningful data with regard to reactive
stream separation was not obtained from these measurements so they were
discontinued.
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TABLE 4~1. INSTRUMENTATION LIST FOR REACTIVE
STREAM SEPARATION EXPERIMENTS

PARAMETER

SYMBOL (Fig. 4-1)

Chamber pressure
Oxidizer tank oressure

* Oxidizer line orifice AP
Oxidizer line temperature
Oxidizer injection temperature
Oxidizer injection pressure
Fuel tank pressure
Fuel 1ine temperature #1
Fuel line temperature #2
Fuel line temperature #3

* Fuel line orifice aP
Fuel injection temperature
Fuel injection pressure
GN2 line pressure
GN2 line temperature
Fuel system hot water temperature

PC
PTO
DPO
TLO
T10
P10
PTF
TFL-1
TFL-2
TFL-3
DPF
TIF
P1F
PGN
TGN

*Orifice AP from calibrated orifices was used to calculate
propellant flowrate. At the hiaher flowrates a turbine
flowmeter was employed in the fuel system.
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4.2 HARDWARE

The experimental hardware consisted of two basic components: (1) an
injector assembly, and (2) a combustion chamber assembly. The injector
assembly contained.two separately manifolded unlike-doublet elements.
Two different combustion chamber assemblies, both of which permitted
pictures to be taken of the doublet spray pattern, were employed. These
components are described below.

4.2.1 Combustion Chamber

Two combustion chamber assemblies of different design were employed.

One of these was a high contraction ratio (ec = 77) tapered chamber.

The other was a low contraction ratio (ec = 12) cylindrical chamber.
Schematics of the tapered and cylindrical chambers are presented as

Figs. 4-2 and 4-3, respectively. Both chambers employed the same basic
injector assembly and had the same throat area (~5 cm2; 0.77 in.z).

Minor modification of the injector assembly, as is noted in Section
4,2.1.2, was necessary to adapt the injector to the low contraction ratio
chamber after its initial use in the high contraction rate chamber.

4.2.1.1 High Contraction Ratio Tapered Chamber. A photograph of the
major combustor components for the high contraction ratio tapered
chamber assembly is shown in Fig, 4-4 (Rocketdyne Drawing No. AP74-601).
The design of this assembly was based upon hardware previously employed
at Rocketdyne (Ref. 21) and incorporated the fcllowing features:

1. Two viewing windows located diametrically opposite each
other so as to permit pictures to be taken of the doublet
spray pattern.

2. Capability to vary chamber pressure independent of propellant

injection rate by variation of a GN2 base bleed flowrate.
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3. Use of the GN2 bleed to protect both the windows and combustor
walls from hot combustion gases, permitting repeated tests of
any desired duration in an economical and otherwise uncooled
system.

4. The GN2 bleed (which had flowrates from 10 to 30 times the
injected propellant flows) was expected to sweep away unreacted
spray or recirculating N204 vapors which had previously inter-
ferred with photographic studies in high contraction ratio
chambers.

As is noted in Section 5.0 (Experimental Results), this latter feature
did not work well in the high contraction ratio chamber. Consequently,
a low contraction ratio cylindrical chamber was designed and employed
for the latter portion of the hot-fire testing.

The initial (high contraction ratio) chamber was tapered over a chamber
length of 46-cm (18-inches) from an inside diameter of 22.1 cm (8.7-inch)
at the injector end to a diameter of 10.2-cm (4-inch) at the sonic orifice
end plate. The convergence of the chamber walls was intended to provide
a favorable pressure gradient which, together with a distributed system
of tapering nozzles in the sonic orifice end plate, was expected to mini-
mize gross recirculation patterns within the chamber. Because a high
ratio of GN2 bleed to combustor gas minimizes the heat transfer to the
chamber walls, the combustor was rolled from 0.952-cm (3/8-inch) mild
steel plate rather than more expensive copper or stainless steel ordin-
arily used in heat sink chambers.

The windows in the tapered chamber were 12.7-cm (5-inch) diameter by
2.54-cm (1-inch) thick Pyrex discs. They were held in place by bolted
flanges in bosses fabricated from standard 10.16-cm (4-inch) Schedule 40
pipe with an inside diameter of 10.3-cm (4.06-inch; see Fig.4-4). Cor-
responding openings were provided in the flanges while a circular open-
ing of 9.65-cm (3.8-inches) where the window cavity intersects the main
chamber wall defines the backlighted field of vision from the windows.
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Soft JM gaskets were used around the windows to provide both a pressure
seal and a cushion during the initial bolt tightening and subsequent
thermal expansions. The windows were located ~20-cm (8-inches) from the
vertical combustion chamber centerline and provided a field of vision
from the injector face ~7.6-cm (3-inches) downstream of the element im-
pingement points.

The GN2 bleed was fed primarily through a system of 24 ports, each

1.27-cm (0.50-inch) in diameter, located near the outer periphery of

the chamber end flange as shown in Fig. 4-5. A secondary bleed was also
provided through the annular gap between the inner diameter of the

chamber end flange and the extension of the injector into the chamber

(see Fig.4-2). Both bleed inlet systems were fed from a ring manifold

in the injector flange which was in turn fed through four standard 3.81-cm
(1.5-inch) AN ports in the injector (Fig. 4-2).

Chamber pressure during the hot firing experiments resulted from the
choking effect of seven sonic orifices located in the chamber end plate

as shown in Fig. 4-2. Each orifice was 0.9525-cm (0.375-inch) in
diameter with a short 45° chamfered entrance. The distributed throat

was provided in an attempt to reduce recirculation in the high contraction
ratio chamber.

4.2.1.2 Low Contraction Ratio Cylindrical Chamber. The high contraction
ratio tapered chamber was employed for the first 199 tests. Satisfactory
movies of the impinging streams were not obtained for many of these tests
because of gross recirculation which occurred in the combustor. N204/
combustion products obstructed the view of the impinging streams for many

of these tests. To overcome this difficulty, the chamber (combustor) design
was revised to suppress recirculation and, thereby, permit better photographs
to be taken of the impinging streams. The chamber volume (diameter and
length) was reduced and the viewing windows were mounted essentially flush
rather than recessed (see Figs. 4-2 and 4-3). This design proved to be better
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for obtaining the desired movies of the hot-firing experiments. The Tow
contraction ratio cylindrical chamber was employed for the final 72 tests.

A photograph of the major combustor components for the Tlow contraction
ratio cylindrical chamber assembly is presented as Fig. 4-6 (Rocketdyne
Engineering Drawing No. AP75-598). A schematic of the same assembly was
presented as Fig.4-3, The chamber incorporates the same basic features as
the high contraction ratio chamber (Section 4.2.1.1). However, there are
several significant differences in design:

1. The chamber has a lower contraction ratio (~12 rather than ~77)
and is cylindrical rather than tapered,

2. The viewing windows are mounted nearly flush to the chamber wall
rather than being recessed ~10 cm (4-inch).

The lower contraction ratio and flush mounting of the viewing windows are
believed to be the major reasons for reduced recirculation and thereby,
increased ability to obtain better pictures of the impinging streams with
this chamber assembly,

The inside diameter and length of the chamber were 8.99-cm (3,54-inch)
and 30.5-cm (12-1nch), respectively. The throat area (~5 cmz) was the
same as for the high contraction ratio chamber. However, a single cen-
trally located orifice was employed rather than a distribution of several
small orifices. Chamber material was 321 stainless steel.

As is evident upon inspection of Figs. 4-2 and 4-3, the portion of the in-
Jector assembly which extends into the chamber was machined to a smaller

diameter (and tapered) in order to fit into the low contraction ratio
chamber. In this configuration, all of the GN2 bleed was injection in
the annulus between the outside diameter of the portion of the injector
which extends into the chamber and the chamber wall inside diameter.
This area was sized to be the same as the GN2 injection area of the high
contraction ratio chamber assembly,
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The windows in the cylindrical chamber were 6.35-cm (2.5-inch) in diameter

by 1.27-cm (%-inch) thick quartz discs.

They were held in place by bolted

flanges in bosses which contained 5.08-cm (2-inch) diameter openings where

the window cavity intersects the main chamber wall.

The windows were

located ~5-cm (2-inches) from the vertical combustion chamber centerline
and provided a field of vision from the injector face ~3.8-cm (1%-inches)

downstream of the element impingement points.

4,2.2 Injector

The injector, which is shown in Fig, 4-7 (front view) and 4-8 (back view)
contains two separately-manifolded unlike-doublet elements, the impinge-
ment points of which are located on the horizontal centerline of the

chamber approximately 0.9525-cm (0.375-inch) to either side of the verti-

cal centerline,.

The individual doublets have the specifications presented in

Table 4-2., Rounded orifice entrances were employed such that the doublet
TABLE 4-2. UNLIKE DOUBLET ELEMENT CONFIGURATIONS
E}emen? Fuel Orifice | Oxidizer Orifice | Impingement Impingement
Designation Diameter D1 r Angle, Orifice Distance
cm Inch cm 2y Ingh Degrees L/D L/D
ub-1 0.0508| 0.020 0.061 | 0.024 60 12 ~6
uD-2 0.0838] 0.033 0.1016} 0.040 60 12 ~6

elements would exhibit stable coherent jet characteristics.
were fed by 0,475-cm (0.187-inch) downcomers.

nected during a given test.

4-14

The elements
Only one doublet was con-
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Whereas previous investigations have usually studied doublets with equal
fuel and oxidizer orifice diameters, the elements employed during this
study were designed for optimum mixing at nominal engine mixture ratio.
For an unlike-doublet element, the Rupe (Ref. 26) mixing criterion is

2

Pe df Vf 10
2 - .

P ox dox Vox (4-1)

which can alternately be expressed as

2 3
(b 2= () -

Using Eq.{4-2) together with an average mixture ratio of 1.7 for N204/MMH
and nominal propellant injection temperatures of 310 to 340°K (100 to
150°F) result in the orifice diameters shown in Table 4-2.

As is shown in Figs. 4-7 and 4-8, the injector is incorporated into a stainless
steel end flange which also contains the GN2 bleed manifold. Stainless

steel was used not only for its compatibility with both the fuel and oxidizer
but also because of its relatively low thermal conductivity compared to
nickel or aluminum. The low thermal conductivity was necessary to prevent
excessive heat loss from heated propellants to the injector body. Although
all experiments were actually performed with the camera looking "edgewise"
through the doublet spray fan, the symmetrical arrangement of the injector
bolt circle would have permitted the elements to be rotated 90° relative to
the viewing windows for alternate views of the unequal diameter doublet fans
during hot-firing. Two locations were provided on the injector face for
Kistler high-frequency crystal pressure transducers and an additional port
was provided for chamber pressure measurement.




The injector is shown in Figs. 4-7 and 4-8 as it was used in the high
contraction ratio chamber. The portion of the injector that extends

into the chamber assembly was modified for use in the low contraction
ratio chamber and the Kistler and chamber pressure ports were plugged for
use in that chamber. Chamber pressure was measured on the fuel inlet
port for the element not in use during tests conducted in the low con-
traction ratio chamber.

4.3 PHOTOGRAPHY

Motion pictures were taken of the doublet spray fan during each test

using either a Millikan DBM 50AM camera at ~400 frames/sec or a Fastax

at ~4000 frames/sec. In general, the lower frame speed was employed to
reduce costs. Use of the lower speed film made it possible to conduct more
tests in any given test slot. Fastax movies were taken in regions where
cyclic "blowpart" was observed to better define the phenomenon. Eastman
Kodak Ektachrome EF color film was employed for the first 158 tests and
EFB color film was used for the remaining 113 experiements. The EF film
is sensitive to daylight (sunlight) whereas EFB film is sensitive to a
tungsten filament Tamp. Backlight illumination was provided by aAGE model
BFJ 750 watt tungsten filament lamp and focused by a Fresnel lens at the
photochamber window opposite the camera. A schematic of the photographic
test setup is presented in Fig. 4-9. After experimentation during the
early tests, most of the Millikan movies were made with an 182 shutter

and an F stop setting of 11. Fastax movies were taken with a lens setting
of F5.6. Al1 photographs were taken with the camera looking "edgewise"
through the doublet spray fan.

A photograph of the experiemental test apparatus on test stand Victor at
PRA is presented as Fig. 4-10.
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5.0 EXPERIMENTAL RESULTS

A total of 271 hot firing (N204/MMH) and 6 cold (water) flow experiments
were conducted with unlike doublet elements UD-1 (df = 0.0508 cm; 0.020-
inch) and UD-2 (df = 0,08382 cm; 0.033-inch). The test conditions/results
of these tests are summarized in Tables 5-1 (hot-fire) and 5-2 (cold-flow).
A brief discussion of these test results is presented in the following
paragraphs. Detailed discussion and correlation of the results are pre-
sented in Section 6.0 (Discussion of Results).

5.1 HOT-FIRE EXPERIMENTS

Although a total of 271 hot-fire experiments were conducted, only 163 of
~these tests provided meaningful data in terms of reactive stream separation.
Unsatisfactory films were obtained on a number of tests because recirculating
N204 fumes and/or combustion gas products obscured the view of the spray

fan. As was noted in Section 4.0, a modification of the chamber design was
made to resolve this problem in the latter part of the program. The first
199 tests were conducted using the original high contraction ratio tapered
chamber and the final 72 tests were conducted in a lower contraction ratio
cylindrical chamber. The second (low contraction ratio) chamber design
resclved the chamber gas recirculation problem.

The majority of the tests (202 of the 271) were conducted utilizing the UD-2
element. During these tests, chamber pressure was varied from an absolute
pressure of 0.94 to ~15 atm (13.7 to 220 psia), fuel injection temperature
from 283 to 400°K (50 to 260°F), oxidizer injection temperature from 283 to
322%K (50 to 120°F), and mixture ratio from~1.2 to 2.5. Propellant injection
velocities were varied from~9 to 50 m/s (30 to 160 ft/sec). Tests con-
ducted with the UD-1 element covered a smaller range of fuel injection
velocity (~9 to 25 m/s; 30 to 80 ft/sec) and fuel injection temperature

(283 to 350°K; 50 to 170°F).

Except for the variation in mixture ratio, the above variations in test
parameters was planned. The mixture ratio was held as close to 1.7 (the

5-1




*Ki03204s13eSUn pue ¢ |eujbaeu ‘Au03oe4s430S *poob *Jud(|ddX3

*d = palealaudq ¢S = pajeaedas ‘W = paxiW

ts3|nsad paAussqp (2)

:£3}1enb jo Japao Bujseasdap up “A3ppenb wips go'xapur (|)

- - Iesun |9o°L | s€ Jo9ut| o0s |2°sL|voL Ele | 88 JvOE | 0S°L | 991 EpL-L 1 v2
- W ‘6deW [ 90°L | 6 |6°vL| 2L |6°12 |88 WOE | 06 [SOE| S9°L | SlL| 96L°0 £2
- W baeW  leoL | L€ |elt] #S |v9L |¥8 fgoc | 88 |bOE | 89°L | ¥ll| 68L°0 22
- W ‘baeW | 0L | 6 |6°WL| €L [2°22)60L{9LE | 98 {EOE| 99°L | L9 | ¥9¥°0 ¥4
- W buaey 12670 | 2v |8°2L| 85 |L°LL . vilfgle | vB {208 | 6L°L | 69 | LLv°O 0z
*pajet3pui
Burband A3[Aed MOpULM W ‘1eS 1g6°0 | v [S2L] 9§ |LLL|ooLjiie | v8 {20e ] SLTL | L9 ] ¥9b°0 6l
- W 398 [8L°0 | G€ |[LOL) b |bveL|oS fese | 95 |982| #6°L | 29 | 62¢°0 8l
- W ‘3es 160 | 9 JO°LL| &b [9°bL|2S [v82 | S5 |982| SL°L | €9 | 9Ep0 Lt
- - ‘sesun |92t | s¢ |¢sot] ss [8°9L|ss 982 | €5 |s82| oSt | £9 | v9vO 9l
- - ‘yesun fee'L | 96 [O°LL| 8S |L°ZL|€ES [982 | ¥S [S82| 9¥°L | OL | t8BY°O SL
- - ‘qesun [ 2"t ) 8 | 9°LL] €9 |26t )4s [es2 | €5 |s82| bl | 69| Lib°O ¥l
- - ‘jesun [eLvL | €5 [2°9L] 6L |L'b2|o0S [€82 | LS [¥82| 6S°L |Sl2 | 88¥°lL £l
- - ‘esun [ p2 L} 9 | O°wL] 2L |[6°12]0S Jesz | LS [¥8e| LSl |22z | 9es°L 2L
- - "yesup | eetL | 9¢ JO°LL] 85 [LLL)0S5 |82 | LS |vB2] 9v°L | Lz | o9 Lt
- W baew | 22°L | 2v |82L| 59 [8'6L[6p [282 | 26 [¥B2| €S°L [S2L | S98°0 oL
- W '3es (g2l | 2y | 82| 9 |tv0z|o0s [e82 | 25 |+v82] 6v°L | vLL| 68L°0 6
$3533 3n0%YIAYD
wa}sAs /A3 }aey - - - - - - -1 -1- - - - - - 1-an | 8-1
| 2 | ) s PasAL] S 1 do o Ho flo | B9 B 0L | o | on
syJdeiay s3Lnsay | A1Llend XLy X0 tanyg *XQ {ang otjey a4nssady -313 [Isa)
witd ¢ A3 100 9p auanjeaadws) 3UnIX LW 49quieyd
uor3dafug Jue||adoud
SINIWIY¥IdXI NOILVYVYd3S
WYFILS IATLOVIY HWW/POSN 404 YIVQ 40 A¥YWWNS “L-§ 378V1

5-2




4 = pajeUIAUId ¢S = pIjededds ‘W =

*Ka030ess13esun pue ¢ eutbaew ‘Au030eySLies ‘poob “jua(|3Ix3

:A3LLenb J0 43pao Bugseasdap uj

pax iy

1531NSa4 paAuasqQ (2)

“A311enb wity 40 x3pul (L)

- - ‘jesun | 6Ll 9€ 0 LL| S5 [B°9L EL 962 j2ti [vEE| 09°L | l6¢ ¥l10°¢ ] A
- - ‘jesunl | 98°0 517 9'yL| 9 |s'61 EC 962 |SvL [9ge| G8°L | 9G¢ Lt Ly
- - tjesun | €271 €€ 0°'0lL| 25 [B°St gL (962 |veEL |OEE] ¥S°L | 6L¢ §16°1 ov
- W *Bdey | el 12 pEL| OL €12 BL |£62 |9EL | LEE| 69°L | S8l 082°1 6t
- W *baey | 26°0 1 Lot} o5 f2rsL EL (962 |82l j9cey t8°L | 29l LeL-i 8¢
- W *bae | £6°0 6¥ 6°vL| 2L (6712 (oL |[S62 |9EL | lee| 28°L | LLL 608°0 LE
- W buaey | £L°L G¢ L°0L| 9§ JLLL [pe {962 [ELL|BLE[ 99°L | 2Ll SLL°0 9t
- W ‘Buaey | G171 14 LEL] L 1912 [t (962 |GLL|6LlE) 99°L | 69 LLp°0 | 6E
- - *yesun | 0S°L 62 8’8 05 |2°SL (L |62 |eol jzLE| 8E'L | 612 SLS°L 12
- W "BaeW | S0°L ot L'6 Sy |L°€l |94 |L62 |66 |BOE| 2L°L | LLL €81 €€
- W buey | €271 134 L'eL| LL |9°12 |LL 862 |Lleifeze] 19°L | vLl 68L°0 e
- W *Buey | oL°l 13 L'el| 99 L'0Z [t8 |00E [60L |9lE| 69°L | 6LL €28°0 LE
- W ‘Buey | ge°| 123 poL| 85 (L°LL |¥8 |eOE {LL [862| <¢S°L | 601 ¥6L°0 0€
- W ‘buaey | vp°L 9¢ 6°L 9 |0°'vL [06 S0t | - - 9L | ELL ¢8L°0 62
- - ‘3esun | $8°0 11 L°E€LY LS v LL Joel eeg [Li1]02e] ¢8°L | 601 5470 8¢
- - ‘3esun | 69°0 8h 9'vL| 9§ (879l bel |v2€ [LOL|SLE| 10°¢ | LLL 89L°0 L
. ‘jesun | 88°0 9t o°LL| <v j€'vL |LOL ISLE [Z6 | 60Ef 8L°L | 68¢C 000°¢ 92
- - ‘3esun | 96°0 LE €LL] 9r |[o°vl [eOl [2lE {26 |90E| (LS°L | vle 18y°L | L-Gn T4
@ W 29s/34| sqw PPas/u| squ ) dy g He  Po eysd -oﬁxme\z o | von

Sy4RWIY s3nsay | A3L1end Xt *XQ Lan4 ) Lany oLjey CRLES TN =913 |3¥sal

witd e PSYERTEL) 3anjeiadua] SUNIXLA 19qurey)
uoL3oalug jue| (adouyg
(penutiuo)l) "-§ 379Vl

5-3




*Ka032e4s13esun pue ©jeutbaew .agouommmwumw ‘poob €juaj|ad

*d = pIIRAIaUId ¢S = pajesedas ‘W = PaxW

:S3{nsaJ paAaasqQ (2)

x3 :A3LLenb jo udpuo buiseaudap up -A3Lpenb wiiy jo xapul (1)

ﬂ4\\
S ‘3es 2L’o 9¢ o"LL}§ st ‘€l |00t |LLE [LEL |82 | 60°2 | P9 £33 2 A1) , 65
- - ['3esup 19°0 0s 2'SL| 9§ ft°LL |i6 pOE 9Ll |o2e | 02°2 |il2 205°1 89
- = |3esun 85°0 6¢ 6°LL} 2v ‘2L |86 plE |eLl jLLe | s2°2 (2le L9971 {S
W *buey L5°0 2S 8°GL| 99 'Ll |66 PLE |6LL [I12E ]| 62°2 |9l SeEL’L 95
S *buaey 85°0 25 8°'SL| LS L1 | LOL|LLE |L2L [22e| 6272 | ¢blLL 68L°0 S8
- W *bJey 05°0 14 P9l ¥S ‘9L {96 PBOE {/OL |SLE| Lv°2 |49 $94°0 1 4]
- = [3esun 29°0 8t 9'LL| eb ‘¢l | L6 Ot |90L |vIE| ZL°2 |99l (1208} €5
- ] ‘3es 89°0 8¢ 9°IL| s [K'el |86 pPLE [LOL {GlE| 80°2 |ELL 28L°0 2s
- W pooy 19°0 ov ¢'el| Sy K'eEl |46 Ot [belL [v2E | 22°¢ {29 6270 s
- ) 3eg S0°1 8t 9°kL| LL P’le |S8 gOE 62l |L2e} LL°L |22l 80 0§
- S ‘leg 96°0 6b 6'tl| 89 K°'02 |68 [eoE (G2l |S2€| SL°L |22l 80 6t
- S/ | "baey oe°l be voOL] 95 L'/l |[v8 [oe 9Ll |o2E| €S°L |22l 8°0 8t
- = |"3esun Lo 9€ O°LL} sv [K°EL |98 [ot |olL [9lE| 96°L |221 #8°0 144
- S/ ‘3eg 6L°0 s §'GL| v¥9 [°6L |68 [GOE {61l (l2€| v6°L | LL l6¥°0 9%
- W *Buey A | SE L°0L| 85 Y°LL |06 [SOE |ZLL |O2E| LS°L | UL L6v°0 14
- = |"3esun 26°0 LE €°LL] 05 R'GL |68 [SOE |blL |BLE| 6L°L |69 LLy°0 124
‘E6-EY SIS
404 UOLIRUq)|RI ¢V
8314140 [3n4 SNO3UOUL] ()] pooy ¥8°0 9€ 0°LL} Lt E'PL |68 [SOE |bLl |BLE] 98°L |69 LLp°0 j2-an £y
(2) (o %9s/33| s/w 938/ | sqw | 49 Do Ho Po e}sd g-0LX /N Juow | "o
sydeway s3nsay | A3¢lend 1M X0 L1an4 X0 any oiey a.nssaug -a13 [1sal
witd 17 [SYEITED) aanjesadua] 3UNIX W Jaquey)y
uoL3oafug jue| |adoag
(penutjuo)) 1-g 378Vl

5-4




*d = PaIrUIBUDY ¢S = pIjeaedas W = PAXLW
:A3L1enb jo aapao bulseaudsp ul

-£4030045130SUN pue *eutbaew ‘Lao3deysiies ‘poob €jual)adx]

1§3NSaJ PaALdsqQQ (2)

“A3Llenb wily Jo xapu]

(1)

- W ‘buey | (S0 0§ |e'sl 25 18°SL B8 |vOE | L6 160E} tv'e | Ol 02L°0 4 9L
- W ‘3es | §S°0 66 |6°LL Or |2°¢L g6 |90€ }26 |90 22°¢ | 90l €EL’0 St
\ - W pooy | 05°0 Sy |LEL v [8°21L K6 |[60E |L8 (|tOE| €2°2 | 6S 800 174
; - - ‘jesun | ev'0 v |s'al 8€ |9°LL p6 |[CLE |26 [90E| 95°¢ | LOC L6e" 1 €L
_ - - ‘3esun | Lv°O s |9°SL 9 |[0°vL {6 [90E |Z6 |60E| €9°2 | val 990° L aL
- - ‘3esun | LETO v |s°¢t € [8°6 96 [80E |€6 |LOE| ¥O'E | 6Vl leo"t LL
- W Pooy | 8F°0 S5 |8'9L ¥S |t°91L P6 |80€ |96 |BOE| vv'Z | LOL 669°0 0L
- W 3eS | €770 e |e71L ¥e [v°OL P6 {80t |06 |SOE{ L§'¢ | vOl 02L°0 69
- s W ‘3eS § 99°0 s |§°6t 65 [0°8L 66 [OlE |S6 |80E| ¢l'¢ | L9 22v°0 89
FSea4ou} buiobund zovcwz W Pooy | S0 L 8¢ |9°1LlL S5 {8°9L [EOL |[2le |S6 |80E| t9°L | ¢9 62t°0 L-an} £9
- s baey | 65°0 S5 |8°9L 29 (6781 jOLL [9lE |26l |29e| €€°¢ { LLL 89L°0 b 99
- - ‘jesun | 8v'0 oy [e'el OF (272l [EOL (2lE |¥9L | 9vE| 1S'¢ | vLl 68L°0 G9
- S ‘baey | 85°0 6t 67LL bt [P'EL (66 [OlE |ESLjOPE| 9€°¢ | vll 68L°0 t9
- S ‘3es | S9°0 €5 291 €9 |2°6l |66 |[OlE [v9L j9vE| <¢¢'¢ | ¥9 13720 €9
- - ‘jesun | 09°0 2¢s |8°Sl LS |p°Ll [L6 |60E |ESL|OVE| €2°C  9l¢ Set°L 29
- - ‘lesun ) 8570 S8 [6°S¢ 26 |0°82 [86 |OlE jLEL | Lee| 92°¢ | vle 18y°tL 19
S ‘3es | 6670 9 |o'LL 09 ie'8l 86 |OLE [Lvl|iee| Le7¢ | ELL 28L°0 ¢-an| 09
- (0 35/ | sqw [935/33 | spu | 49 Py Ho Po Bisd b oL u/N suou | oy
syAeway sinsay | Aatpend | "xQ tan4 X0 Lany oLjey d4nssadg -3(3 (1831
Wil e VSYERTED) aanjesadua | SANIX LW 43quey)
uot3oafug jue|adouyd
‘(panutjuo)) -G 379Vl

5-5




<Ka032egs130SUNn pue ‘leulbaew ‘A403deysiies ‘poob Juay|3adx3

°d = pajeajaudyd ¢S = pajeaedas (W = PaxXLW
:A311enb o udpuao Hutseaudsp u]

*AyLienb wiLy Jo xapuj

:s3|nsad paAudsqo (2)

(1)

53593 3N0NIYd
waysAs /AL joey - - - - - - - - - - - - - - 2-0N |66-v6
- W ‘38 | €9°0 9 |0°bL ¥S  |b'9L EOL |2lE |2LL | Lse| 2272 |29 62t°0 €6

- W ‘3es | 29°0 9% |0°bl S |P9L ROl |2LE j6SL {b¥E| G2°¢C | 29 62t°0 26

- W ‘3eS | £9°0 05 je¢’sl 09 |e'8L 6 |L0E |LEL |lee| sSLl'e | 65 80t°0 L6

- W ‘3es | 09°0 9 jo°LL It |52l ke |60€ |evl |see| £2°2 | ¥9 132 A1) 06

- W ‘3eS 1 09°0 9 |0°LL v [5°¢L |6 MOt 12€EL |82€| [L2°¢ | V9 144 AV 68

- W Poo9 | $9°0 FA R A €b |L'el W6 [L0E |bLL jBLE| 8L°2 | 6G 8070 88

- W pooy | £8°0 v [vToL Sb |L°El Y6 |60€ [LEL | LEE] €6°L | 8S 10v°0 {8

- W pooy | 28°0 ¥e (v'ol Sb [L'€L P6  Jole [s2L [s2E| 16°L | 8§ Lot°0 98

- W JuLIX3 | 1870 s€ L0t St (L€l [LOL |LlE [otL |9le| L6°L |85 Lovr°o S8

- W ‘DARW | 26°0 9 |0°LL 8e  |9°LlL %w b0E (€2l |v2€| 2b°2 | pSL 990°1L ¥8

- W ‘Jes | 95°0 9 0"t Oy [2°2L B8 leoe 1oLL joLel 9c°2 | vOL 02L°0 €8

- W pooy | 19°'0 e €711 e JL°El E6 |L0E [LOL | LLEf Z2°2 |29 62v°0 28

- - ‘3esun | gpo 2¢s |8°§l 1S |5°SL P8 [eoe (€Ll {8lE| €p°2 | 292 €18°t 18
- - ‘yesun | 1570 VA o N | L& [E°LL S8 [20€ |OlL |9lE| 9E°2 | 292 g8t 08

- - ‘Jesufy | vb°0 05 |2°st vy vl Y8 b0t }LOL JSIE| 95°2 | 202 86" 1 6L

- - ‘jesun | $5°0 0§ |2°sl ¢S [8°GL |48 |vOE |86 |OlE| OE"2 | v02 F48 AN | 8L

- - ‘3esun | G¢°0 eh |8°2l Ov 2721l B8 |[bOE (96 [BOE| LS°2 | Sl 990° 1L 1-an| &4
2) (0 235/34| s/w [93s/33 | sqw | 4o Py He Mo e}sd 0L /N auou | oy

Syeuay s3insay | A3tlend | “X0 1any T tang o13ey aunssauy -3(3 [1s31

witd | e JSYERTET 3anyedadua NIXIN]  Jaqueyy
uot3aafug jue| |9dody
(panuijuol) *1-G 378V

5-6



‘d = pajeajaudd S = pajededas fy = Paxiy :SILNS3UA PIA4IsSq0 (2)
-K4030e451305UN pue *eutbuew ‘Auo03deysiies ‘poob ‘jua|19dx3 :A3ilenb 4o udpuo Huisesadsp u] *A3iLpenb wyry jo xapur (L)
- ‘3esun 90°1L LE €°LL} S5 {8°9L |99 |262 | LGL | 6€€]| OL°L | OLL 19270 t St
- ‘3esup 1670 8¢ 9"LL] €S [2'9L [£9 262 [6El|2ee| €8'L | LL l6v°0 pLL
- ‘3esun 26°0 8¢ S°LL} €S [2°9L [£9 |e6Z [BEL | 2ee| ¢8°L | 2§ 09e°0 gLl
- ‘3esun l6°0 8¢ 9"LL} 29 [8°Sl [89 (€62 |82l |92} 28°L | bE Se2°0 2Lt
- 3esun 16°0 oy 2'¢ly vS [v°9L (89 je62 jLLljoce| 18°L | L9l FLL L Ll
- ‘3esun 68°0 99 L°Zl] SL 6722 |69 |[b62|2el|82e| v8'L | 2Ll SLL°0 ottL
- ‘3esup ¥6°0 8¢ 9'LL| ¢s |8°9l (69 [v6c|20L]2le|l 8L°L | LLL 89L°0 601
Uot3ounyjew eJdawe) - ‘yesun oLt 6¢ 6°LL| 85 [|L°LL [LL |S62 [vOL|ELE|l ¥9°L | #L 2Ls’o 801
- W LN 26°0 6€ 6°LL| €5 [2°9L [lL |S62 |v6 | LOE| 6L°L | ¥S vLE0 L0L
- W ‘3es G6°0 8¢ 9°LL| €5 {2°9L (€L (962 |06 |SOE| 9L°L | ¥E Ge2°0 901
- W ‘ies €Ll 6¢ 6'LL] 85 |L°LL (LL (962 (8L | 862 L9°L | &9l vt S0l
- W ‘3eg ¥6°0 95 L'Ll} 9L je'e2 |vL (962 | 6L | 662] 9L°L | €LL 28L'0 yol
- W pooy 260 Ly §'¢l| S5 [8'9L |e£ [962 [8L | 862] 8L'L | 80l LyL0 gol
- W *buey 86°0 6€ 6°LL] S5 [B'9L |bL (962 | L8 |00E; EL°L | ¥L 2ls’o col
- W *buaey 0e°1 6€ 6°LL] L9 {9'8L |LL |G62|9L | L62] 958°L | LE tieo YL0L
- W *baey €'t 8t 9°tL| 09 |€°8L 169 |v6e |18 jOOE] HS°L | LS €5€°0 LoL
- W ‘jes 98°0 124 v'EL| 89 [L7LL |bL 962 {8L | 862 ¥8°'L | LE tie"0 voolL
- W ‘3es 2Ll ov 2'2l] 65 |0°8lL |€L |962|8L | 662 19°L | S2 €L1°0 | 2-an | oot
@ W 235/34| syw [I9S/33 | squ | dg (Mo Ho Mo eysd w-opxms\z wueu | o
Syaewsy syinsay | AaLlend XL ‘X0 Lan4 ‘X0 Lan4 oLjey 3UNSSAUY =313 fIsal
witd e A3 L0137 sanjeaadwa ) SANIX W 48quiey)
uotr3aafug jue| |adouay

‘(panutiuo))

“1-§ 378Vl

5-7




‘d = paleulaudq S = pajededas ‘W = paxiW
*Aa03oeystiesun pue ©|euibaew “Aao03oejsiyes poob 3uaj|adx3

:A311enb jo uapuao Hurseasdsap uj

1$3|NS34 paAUaSqQ

"A3t(enb wity jo xapup

- W ‘Baey |01 s |s°sl 174 ‘22 jLoLJLLe |evl |SEE| OL°L | Sb LLEO } €€l
- S ‘3eS [ €0°L 9 (0Ll 2s "SL |86 [OLE el jlee| oL |8E €92°0 2el
- S *bJeW | 0670 8 9Ll LS ‘GL | ool |LLe |obL jeec| 18°L |09t L0171 LetL
- ) '38S 16670 ¢s |86l 174 ‘¢2 | LOL|LLE {8bL [LeE| €L°L | 90L €EL°0 oel
- ) EL - 8e 197l §S ‘9L |86 pOLE |OEL {£2€] 89°L |80t L0 621
- S ‘385 [ 06°0 oF 272l 12 ‘91 |86 jole |€2L |vee | 18°L |69 LLy'0 821
- N IS | 907 6 6°L1 LS "Ll [ L6 [60E |9LL [02E ]| 99°L | 1§ £€6£°0 Lel
- W ‘3eS | Lo°L 8¢ [9°LL SS ‘9L 196 [80€ 2oL |2le| s9°tL (2P l62°0 9z1
- W ‘3eS | £0°L s [p'9l 8L '€¢ 166 |0lE |[v8 (206 t9°L | Gb LLE'O 74
- W ‘3es | $0°L or |2°¢l LS ‘LL | L6 |60€ le8 [loe{ 99°L | 8E €92°0 el
- W ‘baey | $6°0 or (272l ¥s ‘91 |96 Fom 28 |loE| SL°L |09l oLt g2l
- W *3e§ | G6°0 95 |L°LL L ‘€2 |96 [B8OE (€8 | LOE}| ¥L°L | 80l Lo ezt
- W *3eS | 9670 6 6°LL S ‘9L 196 |80€ |8L 662 €L°L | 60L $SL°0 tet
- W pooy | S6°0 ey |8°¢l LS Ll |68 |SOE |6 [662] ¥L°L |69 LLyo 0zl
- W pooy 1 26°0 9 |6°L S€ oL |88 o€ |18 JOOE! 8L°L | LS €5€°0 6LL
- W ‘3es | p0TL e |2°8 6 6°LL |68 JS0E {BL |862) [9°L | 9E 6v¢°0 8Lt
» - ‘3esun | 1670 8t 9711 ¢S [B'SL | ¥9 |L62 |SSL | L¥E! ¥8°1 | 291 et LLl
uoL3ouny Lew edaue) - *jesun | L6°0 ¥s |p°9l Ll [S°Ee |99 [L62 [L9L [SvE| 8L°L | LLL 89.°0 ¢-an | 9lt
(2) () 295/34( s/w {38s/34| s/w 49 [Yo Ho Plo elsd w-o_xNE\z s | o
SyJeWay s3insay | A3tLpeny XIW *XQ 1ang X0 Lany4 oLiey 34nssauy <313 1sa]
Wi Z3100 37 adnjeaadua] SUNIX W 43queyy
uoi1323fug jue|1adoaq
(panutjuoy) 1-g 379YL

5-8




*d = PajeUIAUI4 ¢S = pIjededas W = PIXLW :S}NS3I paA4dsqy (2)
*£a03oeysijesun pue ‘eutbuaew ‘Au03oeysijes ‘poob ‘jual|8dx3 :k311enb jo udpao burseaaddp ul ‘A3Lienb wiis jo xapul (L)
P - W ELI KT Al 9% 0°vl | 9 2°€2 |65 P82 [2L |S6¢2 | 09°L 8Ll 318°0 4 SS6l
- W ‘les (€0t ve p'oL| LS G°'GlL |09 PB8Z 2L |962 | 9L°L Ll 018°0 1418
- - ‘3esun 18L°0 9t o'LL | Ly €'vl |29 P62 [€L |96¢ | €072 oLl 19270 gst
- d ‘eS| pLtL L6 9°62 | €SL }9'9v [LS {82 [{9 (e6¢ | 89'L ell 28L°0 asi
- ] ELR VA €€ 0°0L | 6S 0°8L |19 p8BZ |08 ({00E { L¥'L 9Ll £08°0 LGt
*$3593 IN0X23Yd - - - _ - - - _ e _ - - - - oSl
wa3sAs/A3L| 100y FobL
- ) ‘IeS [ S0°L S¢ L°0L| €S 2'9L |€9 p8Z |SLL |25E | EL°L 2L 86t°0 Shl
- S ‘eS| G0°L 9¢ o°LL | #S 9L |LS ¥8Z 491 [8¥E | 2L°1 lL L6t°0 124
- S ‘38 12670 9¢ o'LL| 0§ 2°SL |vS B82 el |L1sE | t8°L A] 09€°0 eyl
- ) ‘S [ #6°0 9€ o'LL| LS G°GL 109 Pp8Z jLSL jevE | 18°L Y44 162°0 44
- S "3eS laz1tL | se [LoL| vs  [v9L |SL |L6Z [69L {6¥E [ 99°L | 6E 0L2°0 L
- S 3es JELTL 9€ 0°LL | SsS 8°9L |99 p62 |§SL [LvE | §9°1 ot LL2°0 ovi
- S bavy | 66°0 44 82l | 6§ 0°8L [LOL |LLE JLSL [evE | bL°L 84l £60° 1L 6t
- S *baeW | 0" 1 es 8°SL{ 9¢ ¢'€2 | L0l BLE (89l (8YE | LL°L 90l €EL°O g€l
- S ‘bdey | 90°L LE € LL| SS 8791 |€0L ELE |SSL {LvE | 89°1 olLL 192°0 LEL
- S ‘39S | 0oL 8€ 9°LL | SS 8°9L |€0L ElE [eSL {OvE | €L°L 69 LLy°0 9EL
- S L R LE €Ll tS 9L (86 pLE [L¥L |[¥EE | OL°L 95 L88°0 Sel
- W e 8Ll 9€ o"LL}| 95 LLL |S6 P8t |2l |vEE | 6S°L LE 962°0 | 2-an | veElL
@ | W L] S PR M | o Yo o flo 2 g OUGUIN | o | o
SyJeway s3{nsay | A&3tjend X1H °*XQ Len4 X0 teny oLjey 94NSSaAUg -9137 [Isel
witd g LSYELTED 3anjeaadwa] SANIX W 4aquey)
uor3aalug jue|adoud
(panut3uo)) " L-g 318Vl

5-9




5-10

d = Pajeajauaq s = pajededas W = Paxiy :SI|NSaJ paAJasqQ (2)

"A4030e4sL3eSun pue ‘leutbaew ‘Ai039eyS13eS ‘po0b ‘3ud||3X] :AJLlenb jo 43pao bupseaadap up A3Lienb wiLy jo xapur (1)

- - ‘desun | 9g° L | 92 6°L 144 v'EL |99 L6261 S9€| 25°L | 6LL €28°0 ; €Ll

- - ‘jesun | obL | L2 2’8 4] €°vlL 199 262 | L8L] 6S€| 6v°L | 611 €28°0 2Ll

- - ‘Jesun | 6Ll | 62 88 95 UZL b9 |62 | cLLtvse] 2¢°L | #LL 68L°0 (V41

- - ‘lesun | /8°L | of L6 09 €°8l 149 262 | LLLfo0Se] 6271 | 2Lt SLL0 174}
uado jou

PLP 3A[eA uLlbw [any - - - - - e - - = - - - - - 691

- - ‘yesup | g1t | e 7°6 8y 9°bL |95 [982 | LLL | vSE| 99°L | #Ll 68L°0 891

- - ‘Iesun | 6L°0 | LE v'6 ob 2'¢L (9 (982 [L9L|8vE| 86°L | SLL 96,°0 {91

- - ‘jesun | 96°0 | s¢ Lol ] oS ¢'Sl |6 (882 |9GL ] eve] 6L°L | 2Lt SLL°0 991

- - ‘jesun | 8Ll | L9 9°8L | 86 6°62 |05 [€82 | €9 |o062] S9°t [ L22 62s5°L 591

- - ‘3esun | 8O°L | Lb evl | 2L 6°lc 185 [¥82 )¢9 262 L'l | 122 625°1 val

- d/W ‘eS| ZL°L | 6L L've | 921 |v'8e |tv (182 |€9 [o062| $9°L | 28 49570 €91

- d ‘3eS | €2°L | 96 €°62 | 8SL 28y (9% (18269 |tv6z| 2Z9°L | 60l ¥5L°0 291

- d ‘3eS | 91| | 6¢ L've | 921 |v'8e |Lb (182 |19 |682] 99°1 | 6Ll £28°0 L9t

- d '3eS | 6L°L | 69 0°12 | LIl |8'ee IS vz {29 [o062| #9°tL | 611 £€28°0 09t

- W ‘38 | 00°L | 4§ P Ll | b8 9°62 |59 (982 {89 |€62] 6L°L | I8 095°0 651

- - ‘3esun | €670 | ov ¢'el | (S Ll LS |82 |49 [262] S8°L | 912 S6b°L 8sl

- - ‘3esun o9l | 92 6°L P4 4 8¢l |95 f982 | lL |s62] 69°L | 9tz S6v° L LSl

- . d/W ‘3es | 2L°L | 8§ Ll | 26 0°82 |85 [Z82 | lL |se2| 2¢°L | 8Ll 918°0 ¢-an| 9st

(2) (1) | s s s o Po Ho Pl POV e | <o

SyJeWay S3Nsay auﬁpmzo XK ‘X0 Lang ‘X0 Lang oljey a4nssady =913 [Isal

Ltd ¢ JSYELTED) | danjeaaduay SMIXIW|  43quey)
uoL3dafug jue| Ladouay

(Panuiuo)) -1-g 3741




*d = Pa1e41auadd ¢S = pajededas ‘i = paxiy
:£3t enb o 43pa0 Buisesddsp u]

rAa030e)st3esun pue ©|eulbaew CAa0joe4siyes “poob uad||90x3

:s3Lnsad paAsasqy  (2)

*A3iLenb wi i3 40 x3pu]

(1)

3
- - |-3esun g6t | €2 0L | 9% D'wL |ve Pez [t |86z | €27l |80L Lo A 161
- - |taesun jo8'L | v¥2 |€¢ | 9% Pyl [ Pez |08 jooc [ £2°L |soL I 7Al) 061
- - |vesun [92°L | 62 |88 | L& E'wL [LL F62 [e8L [£5€ | £S°L joLL 19,70 681
- - Jcyesup f9LL | oe U6 | 9% Pyl (2L F6z |8zl [92€ | 1971 |60l ¥SL°0 88l
- - J*3esup [LLL | L2 |28 | 2¢ PBrel |[lL B62 |LSL [2vE | 99°L |80l LyL°0 81
- - {'3esun [26°0 | 62 |88 | 62 PB'8 (€L pez |tol [LLE| 8E"2|L0L ovL 0 981
- - fc3esun | ptL ] v €L | tb Fr2l [2L EB62 |SSL |LvE [ bt fstL 96L°0 581
- = [t3esup |28 L | 92 [6¢ | 66 Byl |GL g62 [26 |90€ | £2°L |60 ¥SL°0 8L
- - ["3esun | 12'e | v [¥OL| 88 PB92 |8LL |t2€ [92Z (18 ] 86°0 [6LL £28°0 £l
- - {'esun |gz'0 | 29 [6°8L| L E'tvlL |vOL ELE |w6l j€9E | €£°€ [2Ll SLL°0 28l
- - |"¥esun fyp0 | 65 |0°8L} 95 Ll |0t BLE flog Je9e | s9te fall §LL°0 18t
- = ["¥esun | £ ] 82 [$°8 | 26 PBSL |L0L BlE [esL |LSE] EETL [ELL 28L°0 08l
- - |-3esun [6L°L | v6 |9°'82| €SL P9y |99 62 |8SZ |66€ | S9°L|6LL £28°0 6L1
- - [resun 91 L | 96 [€°62] €SL B9y |89 E6Z (252 |S6€| 89°L|2LL §LL°0 8Ll
- - | ¥eSuUn gptL | 99 | L0z | 90L Er2e |99 |6z |6€2 |s8e | £9°L | 6Ll £28°0 LLL
- - |Iesun gz L | 89 | L0z €Ll pve |99 Rez |ove [68€ | 09°L | LLL 89.°0 91
- - opresun bgetL | 95 [ LLL| €6 E's2 [S9 (le2 (vEZ [s8E | 09°L | SLL 9640 SLL
- - |-3esun |69t { o5 |e'st| s6 prez |59 jl62 [822 |28 | 6L | pLL 68470 | 2-an | vet
29s/33 | sqw (935734 | s/u | 4 Py He  Po etsd | oLx w/N :
(2) (1) ¢ quaw | ‘o
Syaeway s3Insay | A1Lend XiW X0 tan4 *XQ lan4 otjey 34nssaug -313 j3sal
Wit e FIL00 (oA 34n3eiodua S4NIX LW 4aquey)
uoij3dalug jue| |adoag
- (panui3uo)) "L-§ 318YL

5-1




*d = Pa1RJIauUdy ¢S = pajededas ‘W = PIXLW :SI|LNSAA PAAJasqQ (2)
*A4030e4siresun pue ¢ eulbaew ‘Au03oeysiies ‘poob ‘3jus|1adx3 :AjLiendb jo uapuo Burseaudsp uy  -A3ipenb wiiy jo xapul (L)

- d P00Y | 80" 19 9'8L | 68 L"£z 12, [ G62) 8L |662| S9°L | bl 68L°0 } 60¢
- : d pooy [ 6471 €S 2’9t | 66 ¢°0€ |9L | L62) 08 [o0E | 82°L | 2Ll SLL°0 80¢
1IN0Y239Yd wWa3sAS 403 juow
Al U0 3533 paAJasqp - - 96°0 8t 9'vl | 99 L'0¢ |98 [€oe] €L (962 €471 | 812 806°1 L0e
d/n pooy | Lp°1 {1}/ ¢'el| 89 £°02 |98 |eoE| €L |962 | Ob°L |[bl2 18yl 902
d Pooy [ £1°2 9y 0'vL] v6 9°8¢ |98 |€o0c| 2L |S62| SL'L o2z 2e5°1 S0¢
J3queys ojjed W poog | 1671 Ly €vL| L6 L£°L2 |98 |EOE| S9 |62 | 22°L [wlL 68L°0 v02
Buun%wmgﬂmwoww_mw_w% d Jaux3fLetl | 09 je'8l| 66 |2'oc [e8 |loe| 89 [e6z | svt [e1L | zset0 €02
‘daqueyd uot3oedjued d/W pooy | 92 09 €8l ] 96 0°6C [€8 | LOE| 69 [¥62 ) 151 |l 68L°0 20z
1503 Aoatd Podorruou| 4 | wxa|sv't | s (w'ou| 16 |zocz |ze | woe] 22 |sez | vl |eLL £28°0 Loz
AL uo 3533 paAdasqQ - - 2570 S 8°3L | 99 L°ZL 08 [00E) €L |962 ( SE°2 |OSL- vo° L~ 00¢
- - ‘Jesun | 92°L 92 6°L Ly S°2L 199 |262| 99 |262 | 25°L {601 $SL°0 661
- - ‘lesun | 1071 8¢ §°'8 oY 22l (99 [262( 99 |262 | 0L°L |60l ¥SL°0 861
- - ‘lesun | §0°L 92 6L 8t 9°LL |69 [v62| 69 (v62 [ £9°L |60l $5L°0 L6l
- - ‘3esun | 6°0 8¢ §'8 8¢ 9Ll |69 |t62] 69 {v62 ] 9L°L |60l $6L°0 961
- - ‘pesun 1 S0°L 92 6°L 8¢ 9Ll |69 |v62| 69 |v62 | 99°L | <01 ovL’0 S61
- - ‘3esun | p6°0 8¢ 58 8¢ 9°LL (69 |v62| 69 [v62 | SL°L |01 ovL°o ¥61
- - ‘jesun J9e°t 92 6°L 147 v'EL (99 [262]| 0L |v62 | Lb'L |¥LL 68L°0 €61
- - ‘yesun [ 9g°| 8¢ §°8 9 0"l [99 |262]| OL [¥62 ] 9v°L {oOLL 19470 | 2-an | 261
. (2) " 29S/33[ s/u [235/33| squ | 4y Ao Ho Mo elsd w-o—xms\z o | oy
syJeway s3insay | A3LLend " X0 Lang X0 L1an4 otjey aunssaug =913 [3say
uied e JSYETTENN 3unjedadua) 24NIXLW | dquey)
uor3dalug jue|[adouyg

(panutjuol) -|-§ 314yl

5-12




*d = Pajeulaudd ¢S = pajeaedas S = PaXLy :SILNSAU PaA4sq(Q
-£4032045130SUN pue *|euibaew ‘Aa03oeysiies poob ‘3ua|18dx] :A3LLenb 30 48p40 BuisSe3UD3p Ul  ‘AIL|enb ufty 4O X3pu]

—~
— N

- ‘3esup {8L°L 2s 8°GL| 64 |L'¥2 SL K62 |8L 662 | LS'L |€L S0S°0 1 L2
W ‘3es | LO°L ov 2'egl] 99 JI°LL |vL P62 |BL |662| OL°L |SL 615°0 922
d *3eg [ 66°0 oL | L7Le| SbL vy | 4L B62 |18 [00E | 2L°L jele 91 §e¢
d ‘3es | vL°L 9L 2°€2| Ll L°HE |8L 62 |18 [00E | 09°L |[9Le S6t° 1L bee
d *3es (8870 89 L°02] 68 |L'L2 |8L 62 |28 [lOE | 28°L |8l 8057 L €ee
d *les | 88°0 ¥4 9°ie| v6 P'82 |[LL B6Z |18 |00E| 28°L | lée 6¢S°1 2el
W *Buey | 2071 0s 2°'SL| L P’ (9L |L62 |6/ [66¢| 69°L |6le S1S°L 12¢
W “baey | 92°1 SE L°0Lj 95 |L°ZL |GZ {462 {08 [OOE| 2S5°L |9l S6t°1 022
W *baey [ 957 €€ Lot| £§ ?.np 9, |£62 {LL 862 LE°L | ¥LL 68L°0 6L
W *3es | 98°1L £e L'oL| €9 fe'6l |€L 962 {GL |L62] S2°L | #ll 68L°0 8lLe
W ‘jes | 98°1L €€ L'oL| #9 |66l |69 [v62 (2L |S62) Se'L |Gl 96L°0 {12
W Juaxy | zg’t SE L°0L| 99 |L'02 [{9 |¢62 [0L |[¥6e| Le'L | Sl 96L°0 9le
W poo9 | 60°1L ey 82l 19 ([9'8L |LL [S62 [€L 962 €9°L | vl 68L°0 Ste
W *3e5§ 86°0 ¥s S'9L| 9L (e7ee |eL [562 |SL L6z eLtL vl 68L°0 12%4
d *baey | 86°0 é8 0°82| tLL [£°vE JOL [p6C |2L }S62) €L°L | 9Ll €08°0 144
d *buae | €8°0 6LL | €798 2SL |€°9v | 69 (V62 [eL |S62| L8°L | bll 684°0 ele
d *baey | 68°0 8Ll | 0°9€| LSl [8°Lb | SL [£6¢ {LL |8B62| 08°L | L0 lvl°0 LLe
d pooy | 06°C 99 1"02] 68 |L'Le | 2L |562 [8L |662| 08°L | ¥llL 68L°0 2¢-an| otLe
23/33| sqw [998/3 ) sqw | 4 Plo Ho  Po epsd | ox_u/N
(2) (L) e Juau | "oN
SyueWay s3Lnsay | A3tleny X1y X0 {any X0 1any o1yey 24nssaug -313 [3s9]
wied e JSYELTEY] ENTFCNER TN SUNIX LW 4aquey)
uot3oalu] jue| [adoud
(panuijuol) “1-g 319Vl

5-13




*d = pareUlduUdd ‘S = pIjeuedas (W = PAXLW :SILNSAA PIAUIS])
+Aa03oessiyesun pue ¢jeulbaew <Aa03oeysijes *poob “ua}adx3 AL enb jo 43pac bupseaudsp ul  cAjtiendb wity Jo x3puj

—
—_—
—

5-14

*3N0%23Yd wWa3sAG 403 juow
AL UC 3533 paAJasqQ - = J20°L 62 |88 b iS¢l } 69 (162199 {262| 69°L | ¥L eLs°0 / Sz
W Po09 f5L°1 62 [8'8 | &V L'E€L | v9 [L62 | L9 |262| 65°L | L 21870 1474
d/W poog f6L"1 29 |e6'8L [ ¥6 {9°82 | L9 |26¢ |99 |<262| 99°L | 9L 925°0 Eye
d poog {EL"L 90t (€'ce | 8Gl (28v |29 |062 [V¥9 | 162] 19°L | 9L 525°0 cve
d Jupdx3 [26°0 | 60L |e°ee | Lyl (8'py [ €9 (062 | 19 [ 682 8L°L [ SLL 96L°0 (82
d/W | 3u1dX3 1901 ¢9 (678l { 68 L"4e | 99 (262 |€9 Jo062| 99°L | pel| 8S8°0 0%e
W "baey (¥6°0 | 82 5'8 | 8¢ 9°LL | L9 [262|0L Jw62] 9L°L [ LLL 89L°0 6€¢C
W pooy [28°0 | 82 |§°'8 | SE L°0L [ S9 [l62 (89 |€E62] 68°L | OL ¥8y°0 8ee
- ‘jesun |vL°0 | 62 8'8 | 9 0O°LL | 99 (26269 |t¥6c| 86°L | 2L 86v°0 14X4
- T3esun |8L°0 62 8°8 9t 0°Ll | 89 [€62 |69 | ¥62] E6°L | LLC 205°1 9¢¢
W “3es (1071 92 6°L | 8€E 9°LL | 69 |¥62 | 1L | S62| £L9°L | ol2| €ESp°L 11
W poog 1 £0°1L 82 |§'8 v S°2L | 69 (¥62 2L | 962 S9°1 | BOL Lvl°0 vee
W poop 951 2 L9 8¢ 9°LL | OL fv6e | el | S62| Le°L | 60L ¥sL°0 XX
W poog | 10°L o je'el | 98 Ly el js6e el (962 OL°L | 2Ll SLL°O eee
) - *3esup (00°1L EOL |p°LE | S¥l (2'¥b | SL |L62|8BL | 662) LL°L | OL ¥8b°0 Lee
W ‘Baen [p6°0 | 8¢ |8'€2 | <ol {9°2¢ | vL {962 8L | 662 9L | #L eLs’o o€
W *6dew [00°1 S9 (86l | L6 |L°L2 | 9L [L62|6L |662] LL°L | OL LA 62¢
W *buaey [£L°1 S9 |8'6L | 66 C'0E | 8/ |662| L8 | 00E] 8S°L | OL ¥8v°0 | 2¢-an | 822
(2) W 235/34 | s/w [93S/ | sqw | g (Mg He Mo eysd 0L /N wuou | oy
SyJeway sy|nsay | A3L[enp XLy X0 Lany4 X0 lang’ oL3ey aunssady -913 |IsaL
uitd e JSYELTET) ENUETNEL Y] SNIX I Jaquey)
uo3oafug jue|adodd

(panutzuo)) (-G 379Vl




*d = pole4lauUdd S = pajesedas W = paxLW :SILNSAA paA4asqQ (2)
-A4030e451305UN pue |eutbaew ‘Au03oeysiies ‘poob <ud|[99x3 :A3L|enb JO 43pao BulSeaudIp U] <A3tlenb wyty o xapul (L)
20u ops ons pesre| " poog | gLl | € | L'ol| 1§ |s°SL [9 |[60€ [€6 |Log| 4571 |ouL| 190 | 4 | €92
‘U00S 003 U0 eJdwe) - poog | 28°1 8¢ §'8 vS |S°9L (96 [60€ {26 | 90E| 92°L | OLL 19470 292
d poog | 90°1 G0L | 0°2¢c| SL [0"9y [96 [60€ { S8 |eOE| S9°L | vlC (£ L9¢
d Xy | Ll S0l | 0°2e| 4SL [8°Lb [96 |60E |26 |90E| 09°L | SOl 92L°0 092
- d/W 3uLIx3 | ZE°L 6S 0°'8L] 96 |€°62 (96 |60 |96 |[60E| &Gb°L | vll 68L°0 65¢
- d pooy | 2§71 98 2'92| (vl |8°vp |BLL |i2€ | €8 | LOE| LE"L | 6LL £28°0 842
- d pooy | Gp°L 98 ¢'9¢| 8yl [L'GF |bL |962 |SOL | vlE| €p°L | CLL SLL0 J2°T4
- S pooy | 22°1 174 9°¢¢| 021 [9°9¢ |9L |£62 |£0210LE| 09°L | 6Lt €28°0 95¢
- S Po09 | 00°1L oL | 8°0E| 8bL [L'Sy [9L [Z62 | Lle]f2Lef LL°L | vl 68L°0 §5¢
- d PO0Y | 6571 €8 £€°G2| Lyl I8¢y 8L (662 | €L | 9621 SE'L | LIL 0L8°0 LETA
- d PoGd | 90°1 €9 2°6lL| 26 |0°82 [0L jv62 | LlL |S62| 99°L | Ele 1ZAAN¢ €62
- W poog | y0°1 9 S'6L| 26 |[0°82 [LL |S62 (2L | 962 L9°L | €L S0S°0 252
- d pooy | ol°i 90L | 9°2¢| (LSL [8°Lv |eL (S62 | LL | S62f €9°L | ¥lZ 18yl Ls¢
- d PoOOY | pLL SOL | 0°¢e} (LSl |8°Lb [€L 962} 0L | ¥62| 6S°L | Sl 96£°0 0S¢
- d PooY | pL°t GOL | 07¢e| LSL [8°Lb [€L [962[69 | ¥6c| 6S9°L | 9L 925°0 74
- W ‘3es | 68°0 LE 1A Iy {S°2L {89 (€62 | LL [S62] 18'L | S0C 8Lr°L 8te
- W poog [ 20°1 62 8'8 It 972l [89 [€62 | LL | S62] 69°L | til 68L°0 424
- W PooY | 68°0 6¢ 8'8 86 |9°LL 0L |b6212L | S62| 08B°L | SL 615°0 { 2-0n | 9%e
2) " 295/33 ) sfu [938/34 ] sqw | dg [Ag He Po eLsd m-oﬁxms\z o | o
SyJeWway s3|ns3y | K3t{en) XU ‘XQ 1an4 X0 Lan4 oijey 34NS53uy -313 Jasal
wits | e WSYETED 3anedadus ] SUNIX L 43quiey)
uot3asfug jue|adoad
(panutjuo)) - 1-§ 379v1

5-15




*d = PIILJIBUBG ¢ = PIILARADS ‘W = PAXLW :SI|NSAUA PIAUIsSqQ "(2)
-£a03de)51305UN pue |eulbaew ‘Au03deysiies ‘poob ¢jual|adx] :A31enb 30 uapao Buiseausap u] "K3Llenb wiL} Jo X3pul (1)
©$31533 440 uadQ,

5-16

W JuLdxy [22°L v 0L | ¥S 9L |8 |bOE |06 | SOE] ¥S°L |B8°Eld S560°0 | 4 L2
paysiqueyss
J0u Mo[3 |anj Apedais
‘Uo0s 003 U0 eJaUR) - JuLox3 [1s°1 62 8'8 LS §°GL [s8 (20€ |26 j90E| 6€°L |8°El4 G60°0 02
W JuLdx3 j60°L 99 L'02 | 46 9°6¢ L6 (90t | loL| tlE| €9°L [8°Eld4 G60°0 692
W JuLox3 [p6°0 | 8ol [6°2€ | 8vl (LS ;26 [90€ | 20L|2tEf 9L°L |8°€ld G60°0 892
d/s ‘3es 126°0 Ll §j8°'eg | LSL Jo'9v |56 [BOE | OEL| L2€| 08°L | 92l 2.8°0 192
: S poo9 146°0 9 0Ll | es 8°SL |£6 [60€ { L52]86E[ ¥B'L | ¥le 18’ 99¢
S pooy |£0°L X3 Lot | oS 2°Sl |L6 |60€ | 602 LLE} OL°L | LLL 89L°0 692
*paysi Lqeas?
j0u MoL4 [any Apeais
‘Uo0s 003 uo eJ3dWe) - pooy 11670 | 8€ 9Ll | LS S'Sl |86 JoLe | ¥8 | 2OE€| LL°L | VL2 18v°L | ¢-an | 92
29s/33| s/w [99s/34| s/u | 45 Mg Ho M eysd | orx u/N
(2) (1) °J° pe I — 2 | quau | von
SyAewdy syLnsay | A3rpenp " ) tang X0 Lan4 oLjey 34nssadd -3(3 [1saL
witd e A11009A aanje.aadiia] SANIX LW J3quey)
uop3dafug jue| |adouyg

(papngduo)) "L-§ 374YL




*pajRLNWES INLRA 444 I0H = “4'H

puR MO|j-Pl0OD ‘4333WPLEd B MO|3Q SJeddUe uwn|0d JUC AUO BJIYY

*an|eA MO|3-pLod enidy = ‘4°)

*AR[JW}S 94 SUOLIPUOD d}4-30Y pajelnuys
*53533 440 UdA).

o™
~

84

vL

3€

oiL

89

49

0Ll

S'Ee

L'oe

3’6

1670

$6°0

96°0

235/33

29s/u

43P IXQ

mr.F 81l
1320 W I §
el 16471
9l 1971
e’ 19071
el | sl
‘472 | "47H

6€ |orz0 | 68 | 020
921 | 2eg0 | s2l | s98°0
ye |sgzr0 | oc | s0z'0
62¢ | cL2'2 | o8z | Lg6°L
221 | vbe0 | soL | 9270
2 |0 | ve | 9ot
psa | gox | s | oo
Qi 2N

49z :.;)O

£A3}20 37 U0LIIB{U]

opey A4nIx{A

dv 40323{uf

FEFITIRN!
03 (any
‘oLiey

N UBWO,

40308fu]

.oz
s3]

xS1S3L AONIV MO14-0100 ¥04 SNOILIANOD LS3L 40 AYVWWNS “¢-§ 31avl

5-17




equal volume value for the N204/MMH propellant combination) as possible;

however, because of limitations on the accuracy of the pressure regulators
on the tanks, mixture ratio varied between ~1.5 and 1.9 for most of the
tests. Unfortunately, during Tests 43-93 an erroneous calibration of the
fuel orifice AP transducer resulted in operation at fuel flowrates lower
than desired (i.e., high mixture ratio). The mixture ratios shown in Table
5-1 for these tests are the correct values.

As was noted in Section 4.0, the unlike-doublet elements were designed for
optimum mixing at a mixture ratio of 1.7 based on the Rupe mixing criteria
(Ref. 26) defined as

2

2

_oeg Ve de (1 ) (dox) (pox) 10

¢ v 24 de )
Pox "ox “ox

(5-1)

A value of ¢ = 1,0 will give optimum mixing for an unlike-doublet element.
To achieve the objectives of this program it was considered satisfactory
to control ¢ between~0.8 and 1.25, as was accomplished for the majority
of the tests. Values of ¢ for each test are presented in Table 5-1.

5.1.1 Film Quality

Analysis of the color motion pictures provided the means of determining
the occurrence of reactive stream separation. The readability of the films
were divided into five categories: excellent, good, satisfactory, marginal
and unsatisfactory. The results of this classification are shown in

Table 5-1 for each test. As was noted previously, many unsatisfactory

or marginal films were obtained in the initial (high contraction ratio)
chamber due to combustor gas recirculation. In general, film quality
decreased with increasing chamber pressure.
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£.1.2 Occurrence of Separation

The tests in which marginal or better films were obtained were divided into
several categories: mixed, separated, penetrated, or a combination of the
above. Mixed tests. were those in which no reactive stream separation was
apparent. Two different types of reactive stream separation phenomenon were
observed. One of these, termed penetration, was observed at high injection
velocities with ambient temperature propellants. In this case, a portion of
the fuel stream appeared to penetrate through or go around the oxidizer
stream. The other phenomena, termed separation, was observed with heated
propellants. The fuel and oxidizer streams appeared to blowapart and/or
separate starting at some point downstream of the impingement point and
progress backward to the impingement point when this phenomena was observed.
In both cases, the observed reactive stream separation phenomena consisted
of repeated pulses (i.e., it was cyclic). However, the pulsing did not
exhibit the strength necessary to either disrupt the doublet jets upstream
of the impingement point or to completely destroy the spray fan downstream
of the impingement point; i.e., there were no instances of energetic stream
blowapart or "popping" observable in the film data. Similarly, there were
no occurrences of any pressure spiking on the oscillograph records of the
Kistler crystal transducers located in the chamber or in the propellant
manifolds. Use of these transducers was discontinued after approximately
100 tests.

It should be noted that in many of the tests where reactive stream separation
was observed a clear distinction could not be made as to whether the phenomena
was "separation" or "penetration". Since the two phenomenon appear to be
driven by different mechanisms, as will be noted in Section 6.0 (Discussion

of Results), the basis of selection for terminology was based on whether

the tests were conducted at high injection velocity (termed penetration) or
with heated fuel (termed separation). The method of selection of the category
(mixed, separated, or penetrated) is qualitative and subjective. Consequently,
in some cases a combined result such as mixed/separated or separated/penetrated

is reported. The category for each test is presented in the next to last
column of Table 5-1.




Photographs of two tests, one mixed and one penetrated, are presented
in Fig. 5-1 to illustrate the phenomenon observed. The test number and
test conditions are noted on the figqure.

5.1.3 Correlation of Separation/Penetration
to Operating Varijables

The hot-fire data were plotted as functions of the primary operating
variables (chamber pressure, fuel injection velocity, and fuel injec-
tion temperature) to gain insight into possible mechanisms for the
separation/penetration phenomenon. Plots of chamber pressure versus
fuel injection velocity and fuel injection temperature were made for
both injector elements.

No separation or penetration was observed on any of the tests conducted
with the UD-1 element. Data plots for this element are still presented
however to clearly illustrate the range over which the test parameters
were varied with this element. Aerojet (Ref. 27) observed separation
and/or penetration with an element similar to the UD-1 element (Contract
NAS9-14186) when they conducted tests at higher chamber pressure, propel-
lant injection velocities, and fuel temperatures then were investigated
in this study. Aerojet's data will be correlated with this data in the
following section of this report (Section 6.0).

Figures 5-2 and 5-3 present plots of chamber pressure versus fuel injection
velocity for the UD-1 and UD-2 elements, respectively. Data are presented
only for the tests conducted with ambient temperature fuel (Tf< ~f316°K;
110°F) for the UD-2 element so that the velocity and temperature effects
may be separated. Over the range of test parameters studied, no reactive
stream separation was observed with the UD-1 element. Penetration was ob-
served with the UD-2 element at the higher injection velocities and higher
chamber pressures. It appears that both chamber pressure and injection
velocity have a significant effect on reactive stream separation for the
UD-2 element. Since most of the tests were conducted at nearly the same
mixture ratio (~1.7), the data could have been plotted versus oxidizer in-
jectibn velocity with similar results.
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Test No. - 51

Element - UD-2

P, - 0.429 x 10° N/¥?
(62 psia)

Vf - 13.7 m/s
(45 ft/sec)

T, - 324°

£ lizadr)

A. Mixed Test Condition
Test No. - 203
Element - UD-2

P, - 0.782 x 108 N/M2
(113 psia)

V. - 30.2 m/s
(99 ft/sec)

te - 293°% (68°F)

B, Penetrated Test Condition

oF POT N Figure 5-1, Typical Photographs of Mixed and
Penetrated Test Conditions
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Plots of chamber pressure versus fuel injection temperature are presented
in Figs. 5-4 and 5-5 for the UD-1 and UD-2 elements, respectively. Again,
no reactive stream separation was observed with the UD-1 element over the

range of parameters studied. Separation was observed with the UD-2 element
above ~322°k (120°F). Mixing occurs up to ~316°K (110°F). Note that only
tests with fuel injection velocities less than the value reauired for pene-
tration, are defined in Fig. 5-3, are plotted in Fig. 5-5. This was neces-
sary to avoid showing separated and/or penetrated conditions at low injection
temperatures that were due to high fuel injection velocity and not the fuel
injection temperature.

The results presented herein indicate that the orifice size, propellant
injection velocity, fuel temperature, and chamber pressure can signifi-
cantly effect reactive stream separation. Oxidizer injection temperature,
Rupe mixing index (¢), and mixture ratio were not varied over a sufficient
range to permit systematic cross plotting of their separate effects. How-
ever, there was no discernible effect of these latter variables on reactive
stream separation.

5.2 COLD FLOW EXPERIMENTS ‘

Six cold (water) flow tests were conducted with the UD-1 and UD-2 elements
to verify that the doublet elements exhibit stable coherent jet character-
istics, good jet impingement, and well developed spray fans. The tests
were conducted over the same range of injection velocities and ¢ as the hot-
fire experiments. Test conditions are noted in Table 5-2.

Fastax motion pictures were taken at each test condition. Results of the
movies indicated that the elements exhibit stable coherent jet character-
istics, good jet impingement, and produce well developed spray fans with
non-reactive fluids.
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6.0 DISCUSSION OF RESULTS

A discussion and correlation of the experimental results from this
program (Contract NAS9-14126) and the concurrent related effort con-
ducted by Aerojet (Contract NAS9-14186) are presented herein. Ini-
tially, the Aerojef study is briefly reviewed. The data from both
programs are then correlated and design criteria are established
which will allow for the design of stable high performing injectors
that are free from reactive stream separation.

6.1 REVIEW OF RELATED CONTRACT NAS9-14186 STUDY

Concurrent with the investigation conducted by Rocketdyne, Aerojet Liquid
Rocket Company conducted a related effort NASA Contract NAS9-14186 (Ref. 27).
Applicable data from that contract are presented as Appendix A.

Aerojet conducted approximately 90 tests employing N204/MMH with an
element similar in design to the UD-1 element employed in this study.
During that investigation, chamber pressure was varied from an absolute
pressure of 5.4 to €8 atm (80 to 1000 psia), fuel injection temperature from
277 to 422 %Kk (40 to 300°F), oxidizer injection temperature from 283

to 338°k (50 to 150°F), and propellant injection velocities from~9 to
55 m/sec (30 to 180 ft/sec). Nominal mixture ratio for all was ~1.7.
Consequently, in addition to conducting tests over the same range of
test conditions as on this contract, Aerojet conducted tests at higher
injection velocities, chamber pressure, and fuel temperature with the
UD-1 element.

Several important differences in the experimental test setup and/or data
interpretation between this study and Aerojets' should be noted. Whereas
Rocketdyne employed only backlighting of the spray field, Aerojet utilized
one lamp to backlight the spray area and with second and third lamps pro-
vided top and front lighting. Rocketdyne employed only backlighting be-
cause previous experience (Refs. 11, 13, and 21) had indicated that this
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was the most effective means of 1ighting for definition of mixed versus
separated/penetrated test conditions. Separation/penetration being de-
fined as a clearly defined separation of the spray fan downstream of the
jet impingement point. Aerojet (Ref. 27) on the other hand, appears to
define separation and/or penetration as the appearance of unmixed pro-
pellants in the spray field evidenced by color differences between the
fuel and oxidizer. Energetic cyclic blowapart (i.e., popping) was not
observed on any of the tests conducted by Aerojet or Rocketdyne.

6.2 DATA CORRELATICN

Two different types of reactive stream separation, with different driving
mechanisms, appear to have been observed during the conduct of the subject
contracts. One of these occurs at high injection velocities and/or chamber
pressure with ambient temperature or moderately heated propellants. The
other, occurs at elevated propellant (fuel) temperatures. Development of
models to predict test conditions which will not result in the occurrence

of reactive stream separation by either of the two phenomenon are presented
in the following paragraphs. These models can be employed as guidelines

in the design of stable, high performing injectors free from reactive stream
separation.

€.2.1 Impinging Jet Characteristics Model

A model, termed Impinging Jet Characteristics Model, to characterize the
ambient temperature or moderately heated propellants reactive stream
separation phenomena, was developed based on Rocketdyne's data on the UD-1
and UD-2 elements and Aerojet's UD-1 element data. As was noted in

Section 5.0, Rocketdyne observed what it termed "penetration" at the higher
injection velocities and chamber pressures with the UD-2 element. Similarly,
Aerojet observed what it called "separation" at the higher injection velo-
cities and chamber pressures with the UD-1 element.




Plots of chamber pressure versus fuel injection velocity for the UD-1
and UD-2 elements are presented as Figs. 6-1 and 6-2, respectively. A
distinction as to whether each test was mixed, separated, penetrated,
etc., is made in the figures. In addition, a differentiation between
Rocketdyne and Aerojet data is made in Fig. €-1. With the exception
of whether the UD-1 element is mixed or penetrated at low injection
velocities, Rocketdyne's and Aerojet's data are consistent (Fig. 6-1).
The similarity between the data plots for the UD-1 and UD-2 elements
should be noted. Both predict reactive stream separation at the higher
injection velocities in combination with higher chamber pressures.
Rocketdyne called the phenomena penetration (Fig. 6-2), while Aerojet
termed it separation; however, both agree that some form of reactive
stream separation occurs at the higher injection velocities in combina-
~tion with higher chamber pressures. Separated, penetrated, and mixed
regions are noted on the figures. Reactive stream separation occurs at
lower injection velocities and chamber pressures with the larger element
(Up-2).

It should be noted that only tests conducted with fuel injection temperatures
less than the value required for separation due to fuel temperature effects
(Tf < 3389k for the UD-1 element and less than 316°K for the UD-2 element)
are shown in Figs. 6-1 and 6-~2. Definition of these temperature limits is
established 1ater. This was necessary to avoid the confusion of showing
separated conditions at Tow injection velocity that were due to fuel tem-
perature effects and not injection velocity effects.

As was initially suggested by Aerojet (Ref. 27), the penetration/separation
which occurs at higher injection velocities and chamber pressures can be
related to the Weber number of the impinging jets. This is illustrated in
Figs. 6-3 and 6-4 in which chamber pressure is plotted versus the fuel stream
Weber number for the UD-1 (Fig. 6-3) and UD-2 (Fig. 6-4) elements. Both
Rocketdyne and Aerojet data are presented in these figures. As was the case
in Figures 6-1 and 6-2, the Rocketdyne and Aerojet data are consistent with
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the possible exception of whether the UD-1 element is mixed or penetrated
at Tow injection velocities/Weber numbers, Reactive stream separation oc-
curs above a critical Weber number of ~14 for both elements. Curves of
constant fuel stream Weber number are shown in Figs. 6-1 and 6-2.

The Weber numbers shown plotted in Figs. 6-3 and 6-4 were calculated as
follows:

2

p. Ve d
Weber No, = 9 f f (6-1)
a¢ 9¢
where

Pq = combustion gas density

vg = fuel injection velocity

df = fuel orifice diameter

op = surface tension of the fuel
. . 1bm ft

= gravitational constant (32.174 —_— ———7?)

The gas density employed in the calculation of the Weber number was the
combustion gas density at the injected mixture ratio, The Weber number
is a ratio of aerodynamic-to-surface-tension forces for the jet.

The above correlation of data does not apply to tests conducted with fuel
injection temperatures above the critical values noted in Figs. 6-1 and

6-2. That is, above fuel temperatures of 338%k (150°F) for the UD-1 element
and 316%°K (110°F) for the UD-2 element. Separation will occur above these
temperatures for reasons to be explained later. Tests conducted with fuel
temperatures above these critical values can exhibit separation at low Weber
numbers (1.e., at Weber numbers <14).

As noted above, the phenomena observed at high injection velocites and chamber
pressures with ambient temperature or moderately heated fuel was termed
"penetration" by Rocketdyne and "separation" by Aerojet. The cause of the
phenomena is not clear, however, several mechanisms have been proposed.
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Aerojet (Ref. 27) has suggested that it may be due to high shear forces
on the surface of the jet which causes some degree of self atomization,
increased interfacial area and surface reactions and, thereby, separation.
On the other hand, it may be due to the relative stability of the jets

at high velocity.

A generalized correlation of the data for the UD-1 and UD-2 elements is
presented in Fig. 6-5. Chamber pressure is shown plotted as a function

of fuel injection velocity in this figure. Regions of mixing and reactive
stream separation are noted. Note that the smaller element is less sensi-
tive to chamber pressure and injection velocity effects (i.e., it is free
from reactive stream separation over a greater range of Pc’ Ves and Tf).

It should be noted that since most of the tests were conducted at a nominal
mixture ratio of ~1.7, a similar correlation could have been developed based
on the oxidizer stream Weber number. Values of the oxidizer stream Weber
number were approximately the same as for those of the fuel stream.

6.2.2 Heated Propellant Model

A heated propellant reactive stream separation model was developed based

on both Rocketdyne's and Aerojet's data. As was noted in Section 5, the
reactive stream separation phenomena occurring with heated propellants
(termed separation) appeared to be different than the penetration phenomena
observed at high injection velocities and chamber pressures with ambient
temperature or moderately heated propellants.

Plots of chamber pressure versus fuel injection temperature for the UD-1

and UD-2 elements are presented as Figs. €-6 and 6-7, respectively. A
distinction as to whether each test is mixed, separated, or mixed/separated
is made in the figures. Differentiation between Rocketdyne and Aerojet data
is also made in Fig. 6-6. Tests with fuel stream Weber numbers greater than
the critical value of ~14 and the low velocity penetrated tests reported by
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Aerojet are not included on these plots. These data would only add con-
fution to the analysis of fuel temperature effects on separation. The
effect of fuel injection temperature on separation is quite evident.

As would be expected from the method of data analysis (i.e., the method

of defining tests as mixed, separated, or mixed/separated), which is
qualitative and subjective, a clear cut maximum temperature without separa-
tion is not evident. However, it appears that in general separation occurs
at fuel temperatures above ~338°K (150°F) with the UD-1 element and above
~316°K (110°F) with the UD-2 element. The larger element (i.e., the element
with the larger orifice diameters) is more sensitive to the fuel injection
temperature,

It should be noted that the data in Figs. 6-6/6-7 suggest that there may
be an interaction of effects (chamber pressure and fuel temperature) on
separation. The data suggests that it may be possible to operate at a
higher fuel injection temperature at lower chamber pressures without
separation.

6.2.2,1 Derivation of Theoretical Model. A theoretical model was developed
to provide a more systematic basis for correlation of the heated fuel ex-
perimental reactive stream separation data to significant parameters.
Formulation of this model was anticipated to provide insight into the
significant parameters affecting separation and in turn lead to sugges-
tions for the development of a better analytical model. Because available
data indicate that energetic cyclic separation (popping) does not occur
with the N204/MMH system over the range of element sizes investigated,

the model does not provide for its description; however, addition




of this capability to a more generalized model can be made if warranted
by future experimental results.

The theoretical model assumes that reactive stream separation occurs
primarily thorugh the gas evolution resulting from a chemical reaction
equivalent to that shown in Eq. (6-2).

CH3NHNH2 + N204 + 2 N2 + 3 H20 + CO (6-2)

The heat of reaction for process shown by Ea. (6-2) is approximately

7500 Btu/1bm of MMH reacted or approximately 5.7 x 104 Btu/1b mole of
product gas formed. The reaction is assumed to occur very rapidly in

a mixing zone within the doublet spray fan as shown in Fig. 6-8. The
mixing zone originates at the jet impingement point and is assumed to
grow linearly with downstream distance from this point until it completely
fi1ls the liquid sheet. The overall length of the sheet is Lc’ the down-
stream distance at which it breaks up into droplets and ligaments. In-
timate mixing of both mass and energy are assumed within the mixing zone,
j.e., the heat from reaction is assumed to be absorbed principally by the
unreacted 1iquids in the mixing zone and the product gas is in thermal
equilibrium with the liquid.

The generation of blowapart-producing gas is assumed}to follow a zero
order reaction mechanism defined by the Arrhenius relation

dv -AE/R T
g _ R . g
T - he (6-3)

where Vq is the volume of gas generated per unit volume of mixed reaction
zone, A is the zero order reaction rate constant (time']) and the remaining
symbols have their usual meaning as defined in the Nomenclature section.
With the usual transformation for flow problems

dt = & dx (6-4)
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Eq. (6-3) becomes

dV A -AE/RgT

T e (6-5)

The volumetric rate of heat generation is given by

g% = og RaH (6-6)

Combining Eqs. (6-4), (6-5), and (6-6) gives

-AE/R_T

dq _ re 9, re
T Mg T MHeg B (6-7)

If the heat generated by the reaction is assumed to be absorbed by the
liquid in the mixing zone with a resultant temperature rise, the tem-
perature rise will, in turn, increase the reaction rate. Differentiat-

ing Eq. (6-3) with respect to temperature and then with respect to distance
along the liquid sheet

dR _ , CAERT e AE\ T
o () () 3

o I
d® _ dR dT _/_ aE\p dT
Tdx © TdT dx ;}E) dx (6-8)
g

The analysis presented in Appendix C indicates that the total reaction
required to produce a blowapart condition is a very small fraction of the
total flow. This also indicates that the temperature rise in the mixed
reaction zone can be assumed to be a small fraction of the absolute tem-
perature which can be approximated by a mean temperature in the term
(AE/RgTZ). Defining
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- T2 ~ 2
K1 = AE/RgT = AE/Rg TO

dR . dT
dx K'IGL dx
But

o8-8 ()&

p L p
Combining Eq. (6-9) and (6-10), and re-arranging
p K
d® = ﬁ _ﬂ .—1 dx
(2_2 Cp L ]

Integrating and re-arranging

(6-9)

(6-10)

(6-11)

(e-12)

By assuming the generated gas in the reaction zone to be in thermal equili-

brium with the 1iquid, which is in turn close to the impingement point
temperature To’ the gas density can be approximated by

p:
a ﬁg |°
Therefore,
%
R = 9
1_ AH _P__ AE X &
CT3 DL -R_.Z U 0
p o g

(6-13)



The functional relation between gas generation rate ® and x shown in
Eq. (6-13) defines a critical distance Xo at which the gas generation
reaches a critical value (Rc. Re-arranging Eq. (6-13) to solve for x
gives

o

UT3

“BeER !

To develop a useful correlation, the critical reaction length Xe is
divided by a critical hydrodynamic length LC, defined as being the
point at which the spray fan has spread sufficiently that blowapart
cannot occur. The most obvious choice for L is the 1igament length
(1 e., the distance downstream of the 1mp1ngement point at which the
1iquid breaks up into droplets and 1igaments). This distance is de-
fined by

(6-14)

where Cy has a value of 61 m/sec (200 ft/sec) for water jets of equal
diameter (Ref. 9). However, photographic studies conducted at Rocketdyne
have indicated that for injection velocities and orifice diameters similar
to those of this study this distance is approximately one jet diameter,

L. =D (6-15)
C,

It may, however, be that the mixing Tength which has been observed to be
proportional to the jet diameter, 1i.e.,

Le. = C3D (6-16)

where C4 = 2 (Ref. 9) should be employed.
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Development of equations and attempts to correlate the data were carried

out using each of the above equations to define Lc. In general, data

for either element could be correlated well by substitution of an ex-
pression for LC that was proportional to the jet diameter (i.e., Equations
6-15/6-16) into Eq. (6-13). However, to collapse the data for both elements
to a single correlation it was necessary to consider Lc as a constant.
Considering the size of the elements and range of injection velocities
studied, this assumption does not seem illogical. A value for LC equal to
the mean diameter of the elements orifices was employed in the final cor-
relation of the data, i.e.,

L. = 0.07430 cm (0.02925-inch) = ¢

. 2 (6-17)

c

Development of the equaticn used to correlate the data will be carried out
using Eq. (6-17) to define LC‘ Equation (6-13) becomes

3
AR T
C AH AE 0

C4 P(cp oL )(;;2)@: (6-18)

Equation (6-18) can be divided into dimensionless groups as follows:

2
x\ [ YT, CppLRgJ<B&lo-> R,
(Lc> [_C4PAH R, AE ['&; 1]

(6-19)
The critical reaction rate GLC (volume/volume time) is expected to be
proportional to the velocity, U, i.e.,
® =BU (6-20)

C




Equation (6-19) becomes

2
x\ _[To CoeLRg] [Rq T ay -
<Tc> i [ C, B P H sAEO> o ‘] (6-21)

4 0

with

-AE/R_T
<Rb = Ae g0

(6-22)
Mixing occurs when (xc/Lc) is greater than unity. Separation is predicted

to occur for (xc/LC) less than unity. Evaluation of required constants

B, A, and AE must be made by correlation of appropriate experimental data.

6.2.2.2 Model Correlation. Although Eq. (6-21) is in non-dimensional form,
it contains dimensional coefficients B, AE and A which are dimensional and
are initially unknown. To correlate the experimental data to the model,

Eq. (6-21) is first re-arranged as follows:

-1

3 2
%\ [ 7o’ €, o0 Ry _ B eAE/Rg T B
[ C, P oA BE) | &

(6-23)

so that the known and unknown parameters have been separated into new. non-
dimensional groups. It can now be noted that when

AE/R. T
%g-e g 0 :=1

the doublet must be separated because the reaction rate at the impingement
point is already greater than the critical rate. The operating regime of
interest (particularly for purposes of correlation) occurs when

By AE/R T, By LE/Rg Ty

—A-e -1~—A—e
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In this case, Eq. (6-23) becomes

-1

3 2
Cp oL Rg ) AE/Rg To

i& U To I
L Cy P OH sER (6-24)

Although the value of (xc/LC) during a given hot firing experiment is
unknown, it is known that

xc/LC <1 gives sepération
xc/LC > 1 gives mixing

XC/LC = 1 dis the boundary between separation and mixing

Rocketdyne's hot firing data with the UD-1 and UD-2 elements together with
the data of Aerojet with the UD-1 element were correlated by plotting

-1
3 2
UT, € oy Ry

C4 P aH

versus 1/T0

on semilog paper with

C4 = 0.02925-inch
U= Vs
_ oL Ve
P —-Pc'*'—-zg—
To = TInj of the hotter propellant

6-21




It should be noted that as long as ¢ is near unity the effect of

using Ve for U will be compensated by a change in the eventual
definitions of B and A. The results of the correlations are pre-
sented in Fig. 6-9. Aerojet's low velocity penetration tests and
those tests for which reactive stream separation is indicated by
the Impinging Jet Characteristics Model are not included in the
data correlation. The plot shows a reasonable correlation of the
data 1n view of the qualitative and subjective means of determining
mixed versus separated test conditions.

If the boundary between the separated and mixed regions is assumed
to be that shown by the line in Fig. 6-9, then the slope of the
Tine defines a value for the activation energy AE of 13.0 x 10°

£t 1b/1b mole. With this value of aE, a value of 1.7 x 10'0 sec™!
was calculated for the frequency factor A. 1t is important to note
that these values are reasonable for these propellants.

With values of AE and A defined, Eq. (6-24) can be rearranged as
follows to provide a design criteria to prevent separation. That is,

1
= e
L AER C, P AH

3 2

AE/R T T®¢C R

/go[uo png]>1 (6-25)
4 -

X
The value of all quantities required to calculate [5- are known,
C

It is believed that the correlation of data obtained with the above
model provides insight into the significant parameters affecting
separation and can in turn lead to suggestions for the development
of a better aralytical model.
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6.3 DESIGN CRITERIA

The data correlations presented in the previous section of this
report (Section 6.2) provide design criteria (guidelines) which
will allow for the design of stable high performing injectors that
are free from reactive stream separation. Since two different
types of reactive stream separation, with different driving mechan-
isms, were observed, two reactive stream models were developed.
Each of the models define a design criteria that should be employed

in the design of an injector to ensure that it is free from reactive
stream separation.

To prevent penetration, the design criteria established by the
Impinging Jet Characteristics Model {Section 6.2.1) should be
employed. That is, the injector should be designed with

2
pn V d
Weber Number = -9—f f _ 14

€-26
9% 9 ( )

To prevent separation which can occur with heated propellants, the
design criteria established from the Heated Propellant Model (Section
6.2.2) should be employed. That is, the injector should be designed
according to the following criteria.

3 2
RN AL
I R C, P oH
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where

1 s the boundary between separation and mixing

X

IE < 1 gives separation
C
e
e 1 gives mixing
Xe i
L
where
AE = 13.0 x 108 £t 1b/1b mole
A =1.7 x 1010 sec™!
C4 = 0.02925-inch
The value

of all quantities required to calculate [5- are known.
o
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7.0 CONCLUDING REMARKS AND RECOMMENDATIONS

The objectives of this study were: (1) to develop an understanding of
the mechanisms that cause reactive stream separation for hypergolic
propellants, and (é) through a basic understanding of the governing
mechanisms, establish design criteria which would allow for the design
of stable high performing injectors that are free from reactive stream
separation. These objectives were achieved.

The investigation was limited to the N204/MMH propellant combination,
unlike-doublet-type element, and to a range of operating conditions
applicable to the Space Tug and Space Shuttle attitude control and
maneuvering engines. Use of the design criteria established herein

for other propellant combinations or element types is not recommended;
however, the experimental technique employed and basic understanding

of the phenomenon occurring could be applied to establish design criteria
for other propellant combinations and/or other element types.

From the experimental data obtained it was concluded that two different
types of reactive stream separation, with different driving mechanisms,
were observed. One of these, termed penetration, was observed at high
injection velocities and/or chamber pressures with ambient temperature or
moderately heated (fuel) propellants. The other phenomena, termed separa-
tion, occurred at elevated fuel temperatures. In both cases, the observed
reactive stream separation phenomenon consisted of repeated pulses (i.e.,
it was cyclic). However, the pulsing did not exhibit the strength neces-
sary to either disrupt the doublet jets upstream of the impingement point

or to completely destroy the spray fan downstream of the impingement point;
i.e., there were no instances of energetic stream blowapart or "popping"
observable in the film data. The frequency of the cycle phenomenon was

on the order of 10 to 20 cycles per second.

It is further concluded that the tendency toward reactive stream separation
increases with increasing fuel injection temperature, element orifice size,

7-1




chamber pressure, and propellant injection velocity. The results

of this investigation suggest that if an unlike-doublet element
injector is employed for the application investigated (i.e., Space

Tug and Space Shuttle attitude control and orbital maneuvering engines)
small element orifice diameters and/or moderate fuel injection
temperatures will be required to ensure operation in a regime without
reactive stream separation.

Specifically, the following recommendations for future effort are:

1. Investigate the use of other element types such as
1ike doublets and/or triplets.

2. Study other propellant combinations such as N204/50-50
and/or C1F3/MMH.

3. Conduct further studies with the unlike-doublet element
and investigate more thoroughly the effects of orifice
size and jet stability characteristics.

If further studies of this nature are conducted, serious consideration
should be given to the possible use of a more quantitative measure of
reactive stream separation. The method of determining reactive stream
separation in this study was qualitative and subjective; however, the
results obtained were consistent with those of the related effort con-
ducted by Aerojet (Contract NAS9-14186).
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9.0 NOMENCLATURE

Zero order reaction rate constant (sec")
Critical rate coefficient (ft™})

Specific heat of 1iquid (Btu/1b °R)

Critical sheet length coefficient (200 ft/sec)
Critical mixing zone coefficient (2)

Orifice diameter

Mean jet diameter (ft)

Activation energy (1bf-ft/1b mole °R)

Heat of reaction (Btu/1b mole gas)

Lumped coefficient for integration

Critical hydrodynamic length (ft)

Mixture ratio (ﬁox/ﬁf)

Pressure in fan (1bf/t?)

Chamber pressure (1bf/ft2)

Volumetric heat generation (Btu/ft3)
Reaction rate volume/volume-sec

Gas constant (1544 1bf ft/1b mole °R)
Temperature (°R)

Time (sec)

Fan velocity (ft)

Injection velocity
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v Specific volumetric gas generation (volume/volume)

W Flowrate

X Distance along fan (ft)

Pq Density of gas (1b mo]e/ft3)
Py Density of liquid (1b/ft3)
¢ Mixing index

Subscript

c Critical

g Gas

2 Liquid

0 At impingement point

f Fuel

ox Oxidizer
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10.0 APPENDIX A

TABLE OF AEROJET DATA FROM CONTRACT NAS9-14186

This appendix contains a table of the experimental results of reactive
stream separation experiments conducted by Aerojet Liquid Rocket Company
on Contract NAS9-14186. That contract was conducted concurrently with
the contract (NAS9-14126) reported herein by Rocketdyne. The results
are presented here because the experiments were similar to those con-
ducted by Rocketdyne and they were employed along with Rocketdyne's

data in correlation of the experimental results. Only the test

data that could be employed in correlation with the data from this
contract (NAS9-14126) are included in the table.
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11.0 APPENDIX B

ESTIMATION OF CHEMICAL REACTION NECESSARY
TO PRODUCE SEPARATION

To calculate a critical chemical reaction rate, one first estimates
the density ratio (pg/pL) fn the spray fan mixing zone. If this
ratio is large, the percent reaction required to violently expand
the fan (blowapart) is small. By the ideal gas law

Pg = 3!55_% (T1£7) ('ﬁ‘?g) . : (-1)
From Equation (6-2)

T 2(28) +3(18) +28 _
W= ==Zv3+1 23

For applications similar to the OME thrust chamber, a pressure of 10 atm
(147 psia) provides an appropriate example. Although the gas temperature
is difficult to define, the proposed theoretical model assumes it to be
in equilibrium with the surrounding 1iquid. A temperature of 600°R can
therefore be assigned, Then, from Equation (B-1),

g = (-3%3)(1’;—7,)(%%3) = .489 1b/ft3

For a mixture ratio (MR) of 1.6, the liquid density is given by

1, _MR 1,16

_ .489 _
Pg/DL = —TZ- = ,0067

If only .0067 (approximately 1/2 percent) of the liquid propellants
react in the 11quid sheet, the gas formed will occupy the same volume
as the total reacting 11quids. A blowapart condition therefore requires
only a very small fraction of the 1iquid propellants to react.
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